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FOREWORD

The Analyticzal and Experimental Aircraft Antiskid Analysis
Verification and Refinement work reported herein was performed
by the Fort Worth Operation of General Dynamics Convair Aerospace
Division under U, %, Air ¥Force Contract F33615-71-C-1109. The
contract was initiated under Project No. 1369, "Mechanical Systems
for Advanced Flicht Vehicles," and Task No. 136201, "High Perfor-
mance Landing Gear.'" This program was administered under the
direction of the Air Force ¥Flight Dynamics lLaboratory. Mr. Paul M.
Wagner (AFFDL/FEM) was the Alr Force Project Engineer.

This report dv-oribws work conducted during the period from
December 1970 thru April 1973, The Convair Project Leader was
R. C. Churchill and B. H. Anderson was the principal investigatn:r.
The design and .‘nstallation of the verification test set-up and
overhead load carriage fixturc on the AFFDL. Landing Gear Test
Facility at Wright-Paticrson AFBE. Ohio was accomplished by
Mr. J. F. Maverick and Mr., W, I. Streiff. Mr. W. C. Kreger
formulated some of the mathematical models., Digital computer
programing was performed by Mr. C. W. Austin, Mrs, L. J. Schnacke
and Mr. J. D. Price.

The author wishes to thank Mr. Wagner for his guidance and
assistance throughout the program, The generous assistance and
cooperation of AFFDL Landing Gear Test Facility personnel and
members of the Systems Research Laboratories, Inc., during the
Verification Test Fhase of the program is appreciated. This
report was submitted by the author in June 1973.

Ll/'t.‘j\f- &J@’ 2
KENNERLY H., D S

Chief, Mechanical Branch

Vehicle Equipment Division

Alr ¥Force Flight Dynamics Laboratory
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ABSTRACT

A program for verifying and refining a previously
developed aircraft antiskid performance and system compati-
bility analysis procedure is described. Analysis verifica-
tion was performed by comparing antiskid system operation as
predicted by the analytical procedures with that recorded
during laboratory testing. The laboratory tests were con-
ducted at the Air Force Flight Dynamics Laboratory Landing
Gear Test Facility at Wright-Patterson Air Force Base, Chio
using a set-up consisting of F-111 aircraft main landing
gear, tire, wheel, brake, hydraulic brake actuation system
and several antiskid control circuit variations. The air-
craft landing gear equipment was mounted in a support
fixture with movable load carriage installed over the 192
inch diameter brake test dynamometer. Analytical refinement
consisted of modifying the mathematical equations describing
antiskid operationg to emhance cowputation economy and more
accurately agree with test results. A discussion of para-
metevs influencing antiskid operation is presented. Pre-
liminary design of components for a fluidic controlled
pneumatic brake actuation system is described.
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SECTION I

INTRODUCTION
A. OBJECTIVE

The objectives of this program as stated in the contract
statement of work are: (1) to verify, correlate and refine the
Alrcraft Antiskid Performance - Total System Cowpatibility
Analysis Procedures previously developed under U.S. Air Force
Contract F33615-70-C-1004 and as described in AFFDL-TR-70-128,
and (2) to establish the feasibility of a fluidic-controlled
pneumatic braking system.

B, SCOPE

This program for Aircraft Antiskid Pe' formance - Total System
Compatibility Analysis Verification, Correlation and Refinement
consisted of the following:

(1) A total system verification test set-up was designed,
fabricated and installed in the AFFDL Landing Gear Test
Facility, Building 31, Area B, Wright-Patterson Air Force
Base, Ohio. The test set-up is comprised of: (a) a struc-
tural steel framework atiached to the 192 inch diameter
inertia dynamometer, (b) a movable load carriage supported
by the framewnrk and providing simulated aircraft landing
gear fuselage attachment provisions, (c) a carriage loading
and positioning system, (d) one F-1ll main landing gesr
tire-wheel-brake assembly assembled with the requived air-
craft landing gear structural components to complete an
installation the same as that for the aircraft left wheel
installation, (e) a mockup of the aircraft hydraulic brake
actuation and control system including pilot's metering
valve, accumulator, lines and fittings, (f) antiskid control
circuits, an F-111 antiskid valve and wheel speed sensing
unit and (g) instrumentation and recording equipment needed
to measure and record parameter variations significant to
antiskid operation,

(2) Verification testing consisting of a number of braked stops
was performed utilizing the total system verification test
set-up for thirty-six test conditions having various com-
tinations of landing gear loading, antiskid control circuit
type, two different tire sizes, various tire inflation pres-
sures and various amounts of hydraulic brake actuation system
flow restriction, During these stops the following parameters

1




were measured and recorded with respect to time: dynamometer
flywheel speed and distance, braked wheel speed, hydraulic

pressure at the brake and at the antiskid valve inlet, brake |
torque, radial and tangential forces between the tire and
dynamometer flywheel and antiskid valve electrical signal,

(3) The results from some of the total system verification test
runs were compared with analytically predicted parameter
variations obtained from the anciskid performance and total
system compatibility analysis procedures.

(4) The Antiskid Performance and Total System Compatibility
Analysis procedures have been refined to enhance computation

economy and to achieve agreement with verification test
results,

(5) Components for a fluidic-controlled pneumatic braking system
for operation with and skid control of an F-111 wheel/brake
assembly have been designed. A comparison of fluidic to
conventional brake control systems has been formulated.

C. BACKGROUND

The characteristics of modern high performance airplanes are
such that there are many occasions where the pilot is very dis-
advantageously situated for perceiving the amount of wheel brake
force which can be applied without causing tire skidding. Because
of high airplane ground speeds required for takeoff or landing,
relativelr hLigh wheel braking forces are frequently necessary for
controlling the vehicle's velocity within the available runway
distance. Since a relatively short duration tire skid at high
speed may result in a blowout with consequent severe damage to
other aircraft components or may cause loss of directional con-
trol, experience has established that a wheel brake antiskid
feature is required for safe and predictable aircraft operation.

Figure 1 1is a block diagram showing the typical arrangement
of an aircraft landing gear wheel brake system and the relationship
between the various elements within the total vehicle system. The
brake system functions to inhibit wheel rotation in response to
pilot command so that a force opposing aircraft motion is produced
between the tires and runway surface. Most modern military air-
craft are equipped with hydraulically actuated disc type brakas
controlled by a full power brake control system which also incor-
porates an automatic antiskid feature as shown.
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The antiskid function is accomplished by a group of components
which automatically detect and alleviate incipient tire skidding
by controliing brake torque., An incipient skid is alleviated by
temporarily roducing brake torque to a value less than the torque
being p»roduced by the friction force at the tire~runway interface,
Brake torque reduction is sustained for a time interval suf-
ficiently long to allow the wheel to regain speed. After the
wheel has regained speed, brake torque increase is initiated.
Since brake torque is produced by applying fluid pressure to the
brake actuating cylinders, torque is controlled indirectly by
controlling actuation pressure,

=

e i b ia A B

. Antiskid system components usually consist cf wheel speed

3 sensing units, antiskid control elements and antiskid brake torque
] control valves., For clarity, Figure 1 shows the arrarngement of

T an alrcraft having a tricycle landing gear arrangement with single
1 wheel main gear configuration. For airplanes having multiple

] wheeled landing gears and/or multiple landing gears, the same basic
arrangement prevails with the addition of additional similar type
components as appropriate.

The reduction and subsequent reapplication of brake torque
results in an oscillatory braking force being applied to the air-
plane, This oscillatory force has the potential for causing
adverse dynamic loading of the airplane structure, for causing
directional control difficulty and for degrading the aircraft's
stopping performance. The need for evaluating antiskid oparation
to predict the effects of the potentially deleterious oscillatory
braking force is now recognized because there have been a number
of instances where failure to do so has resulted in severe
operational difficulty and in some cases catastrophic landing
gear failure,

The overall resultant effects of antiskid operation are
dependent upon the characteristics of the antiskid equip sent
components along with the characteristics of the airplane and
many of its other systems as well as the operating environment
into which the vehicle is placed. If during the airplane's usage,
within its intended operating envelope instances of unsafe condi-
tions resulting from antiskid operation frequently occur, the
braking system is deficient with respect to the attempted opera-
tional circumstances and is relatively unacceptable. Braking
system deficiencies are caused by incompatibilities within the
overall vehicle system which result in antiskid operation being
different than was intended or which result in the practically




i ]

achievable braking effectiveness being incorrectly predicted.
These incompatibilities result from inadequate consideration of

significant design parameters or of the aircraft's required
operating environment.

It is intended that the analytical techniques described
herein be used for establishing the influence of the individual
total vehicle system elements upon antiskid operation. The
behavior of each equipment item can thereby be established or
its performance requirements defined so that the relative compati-
bility between individual elements and between equipment items and
basic aircraft characteristics can be determined. Whenever the
practically achievable performance for each equipment item is
established considering the applicable prevailing cost, weight,
volume cr other inherent physical property restraints, the overall
system can then be evaluated with respect to the braking system
equipment's acceptability and proper utilizaticn.

As with any system or device the degree to which a braking
system or one of its components may be adjudged acceptable is
established by how well it operates to provide vhe performance
expected without causing any trouble. Therefore, it is evident
that the braking system equipment's acceptability for a particular
usage is influenced by how well expectation is tempered with reason
and judgement. For instance, it is possible that some aerodynamic
or other vehicle characteiistic prevents achievement of the desired
or expected wet runway stopping performance with any conceivable
antiskid equipment configuration. If experiencing this type of
disappointing circumstance is to be avoid the expected braking
system effectiveness musi be established from basic material pro-
perties and proven fundamental principles which have been verifie..
by substantial experimental evidence rather than from optimistic
estimates or unsupported claims, The antisk’d analysis techniques
utilized during this program may be employed for such realistic
establichment of braking system effectiveness., The following dis-
cussion of some fundamental aspects of antiskid operation and
antiskid evaluation is presented to help establish a rational
basis for applying the analysis procedure,

The dominant factor influencing the operation of an antiskid
brake control system is the well known characteristic behavior of
a rolling tire while being subjected to braking forces. This
characteristic behavior, as shown on Figure 2 , is that as a
small braking force is applied an apparent slippage develops be-
tween the tire and contacing surface. This apparent slippage is
evidenced by the wheel angular velocity being less than the
synchronous angular velocity by an amount proportional to the
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the braking force, The tire synchronous angular velocity is the
value which results from unbraked rolling. The initial apparent
slippage proportional to the braking force occurs without appre-
ciable relative mriion between the tire footprint and contacting
surface because of elastic deformations within the tire. If an
increase in the braking rorce to a value exceeding the maximum
achievable for prevailing friction conditions is attempted, an
actual slippage between the tire footprint and contacting surface
results, When the tire footprint is actually sliding relative to
the contacting surface the friction coefficient decreases as
sliding velocity increases which is the usual case with any two
sliding objects.

When the characteristics of tne braking force - slippage
relationship are considered while examining the equation of the
tire's angular motion with applied brake torque as shown by
Figure 3, it can be seen that when the applied brake torque is
less than the available friction torque, a friction torque equal
and opposite to the brake torque will develop by the tire
increasing its slippage along the positive-slope portion of the
characteristic relationship. If the applied brake torque is
increased or if the tire-to-ground friction force potential
decreases so that a condition occurs where the brake torque ex-
ceeas the available friction torque, tire slippage will increase
into the negative-slope region of the brake force - slippage
characteristic variation resulting in an unstable ever increasing
negative wheel angular acceleration. A full skid will result if
the brake torqua is not quickly reduced to some value less than
the instantaneous friction torque so that a positive wheel angular
acceleration is produced causing the wheel to regain speed. To
satisfactorily control brake torque an antiskid system must be
capable of distlnguishing between a tire's slippage in the stable
or unstable condition,

Several control concepts and a numver of different type
devices for implementing some of these concepts have been used
for antiskid brake control., Because of very competitive market
conditions and the achievement of relatively acceptable perfor-
mance, practically all of the antiskid systems in current general
usage are of the class previously described in Figure 1. These
systems m:asure a braked wheel's speed, compare the measured speed
magnitude and/or rate of change to an "index-of-acceptability'',
and control brake torque according to the results of the compari-
son. The primary differences between systems supplied by different
airframe or antiskid equipment manufacturers is the "index-of-
acceptability" utilized and the methods by which it is established,
The usual "index-of-acceptability" is the anount of wheel slippage
or the rate of increase in wheel slippage.
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] /8 = Brake torque
: Feq™ Radial force on tire from ground

" Fa& = Braking force =« e
FAar= Vertical fcrce on wheel from axle
1 Fa# = Horizontal force on wheel from axle
; /a2 = Height of axle above ground
. = Friction coefficient between the footprints and ground
Jw = Tire-wheel assemb'y mass moment of inertia

Xa = Horizontal axle displacement

XA = Horizontal &xle velocity

ESw ™ Wheel angular displacement \
Ow=™ Wheel angular velocity
Ow ™ Wheel angular acceleration

Equation of wheel angular motion: _/w é‘w = F8 /i ~7% i

Figure 3 Braked Wheel Forces 3
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Evaluating antiskid braking system performance and
compatibility is zided by examining the physical operating
characteristics of the applicable braking system equipment in
the typical arrangement as shown schematically in Figure 4, The
elements shown are: the pilot's metering valve, antiskid control
valve, brake actuation cylinder, interconunecting fluid trans-
mission lines with their flow resistances, brake discs, wheel
and tire assembly, antiskid wheel speed sensoxr device and antiskid
conctrol circuit elements. The typical antiskid valve is a two
element device having a control pressure producing first stage
and a second stage power spool which controls the direction which
fluid may flow thru the valve. Several different type first stage
devices may be used and the range over which control pressure
varies depends upon the type., Figure 4 shows the type where
control pressure varies over the entire range between inlet port
pressure aud return port pressure, For other type first stage
devices having diffe~rert ranges of control pressure variationm,
the second stage spool areas upon which the control and brake
port pressures act are sized so that a proper force balance is
achieved, The antiskid valve operating principles are similar
whichever type first stage type is used.

Figure 4 shows the antiskid valve second stage in the
position for no antiskid control signal such that the fluid
pressure as commanded by the pilot's pedal position is trans-
mitted to the brake. The antiskid velve first stage produces
a control pressure as a function of the antiskid valve control
signal and inlet pressure, The control pressure is equal *n
antiskid valve inlet pressure with zero antiskid valve input
signal and the control pressure is decreased as the valve signal
increases, If the antiskid control valve input signal is in-
creased the reduction in first stage control pressure imposes a
pressure unbalance upon the second stage spool thereby causing
spocl movement to a position which allows fluid flow out of the
brake cylinder to return. As the antiskid valve brake port pre-
sure becomes equal to the first stage control pressure, the
pressure balance on the second stage spool causes it to be
repositioned to shut off fluid flow. Whenever the antiskid
valve input signal is reduced, first stage control pressure
increases to cause an opposite pressure unbalance in the second
stage which results in the spool being positioned to allow fluid
flow from the pilot's metering valve to the brake cylinder until
a new pressure balance is achieved.,

A typical aircraft brake has a characteristic cylinder
pressure versus fluid volume relationship and a characteristic
cylinder pressure versus torgque relationship as shown on Figure 5.
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Figure 5 Typical Brake Characteristics
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For occasions where the antiskid control circuit commands brake
torque to be increased or decreased by changing the antiskid valve
control signal, some amount of time must elapse during which suf-
ficient fluid flow occurs to produce the change in brake cylinder
volume corresponding with the required change in cylinder pressure.
When changing brake cylinder pressure, the fluid flow rate at each
instant is established by the difference between brake cylinder
pressure and the system source pressure for brake application or
by the difference between brake cylinder pressure and system
return pressure for brake release and the combined resistance of
the applicable fluid flow path. Since the antiskid valve is a
mechanical device which must be positioned to permit fluid flow

in the proper direction, some finite (usually small) time interval
is required. Consequently, it must be recognized that the brake
actuation system flow resistances, the antiskid valve dynamic res-
ponse characteristics and the brake's characteristics have a very
significant IiIafluence upon brake torque dynamic response to anti-
skid valve input control signals., In addition, the antiskid

wheel speed sensing element and the control circuit elements
usually have characteristics which result i1 the instantaneous
values of the various signals lagging actual ~urrences by some
small amount. The relative compatibility of . : brake actuation
and control loop is established by how well the antiskid control
element's characteristics are matched to the prevailing conditions
of actuation fluid flow resistance, brake pressure-volume and
pressure torque characteristics, and the dynemic response charac-
teristics of the tire and wheel brake supporting structure.

Antiskid control has a cyclic nature because it involves
detecting that braked wheel slippage has progressed from a stable
condition to an unstable condition with subsequent brake torque
adjustment in a manner such that wheel slippage returns to the
stable condition. Figure 5 describes the sequential events which
occur and the relative variation of wheel speed, brake torque and
frictica torque during a typical antiskid cycle. To ewphasize
the various events and fundamental characteristic variations, the
magnitude and rate of the parameter changes shown have been
arbitrarily assigned and are not intended to represent any specific

case. The occurrences during the time intervals between events
shown on Figure 5 are as follows:

TIME
INTERVAL OCCURRENCES
to-t1 Bracte torque increases and wheel angular velocity

decreases in the stable region of the brake force - tire
slippage characteristic producing an equal and opposite

12
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PARAMETERS

Wheel synchronous angular velocityXa/Re
Wheel angular velocity Sw

Applied brake torque 7g

Maximum available friction torque A max
Achieved friction torque = & Fr-p

EVENTS

Instant brake application is initiated

Instant when applied brake torque equals maxirmum
avallable friction torque

Instant of incipient skid detection, i.e., wheel
alippage or slippage rate becomes equal to skid
d-tection threshold

lastant brake torque increase reases (either because of
brake torque reaching its applied value or because of
skid control action preceding torque reduction)

Instant brake torque reduction is initiated

Instant brake torque ejuals friction torque and wheel
negative acceleration ceases

Instant wheel angular velocity has regained the required
portion of its initial value (value at t3) to cause
initiation of brake reapplication, i.e., skid recovery
signal threshold

Instant brake application is Iinitiated for next antiskid
cycle

Figure 6 Antiskid Cycle Events
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friction torque until the maximum available friction
torque is achieved at tj. Brake torque increase rate
is controlled by the brake, braks actuation control
system (hydraulic flow restriction) and skid control
system characteristics.

t1~to Brake torque .ontinues to increase producing increasing
negative wheel acceleration into the unstable region of
the brake force ~ tire slippage characteristic until
wheel slippage or slippage increase rate reacliea the
skid-detectiom threshold.

to=ta-t, Brake torque increase continues until it is terminated
by either (a) the torque reaching the value commanded
or (b) skid control system terminates the torque in-
crease in preparation for torque reduction. Friction
torque and wheel speed continue to decrease (total
interval may be called skid control reaction time).

t,-tsg Brake torque decreases at a rate cuntrolled by the
brake, brake actuation system and antiskid control
characteristics, Friction torque continues to decrease
as wheel slippage increases. Wheel speed decreases to
its minimum value,

ts-tg Brake torque decreases until it becomes zero or until
antiskid control system initiates brake torque increase.
Woeel speed increases from its minimum vaiue to an
amount required to initiate brake torque increase (skid
recovery signal).

tg-ty Reaction time of the brake, brake actuation system and
antiskid system between skid recoverv sigmal and
initiation of brake torque increase.

Figure 6 provides a graphic means for cxamining and evaluating
the two mwost significant effects of antiskid cycling - the average
braking force achieved (wheel braking system effectiveness) and
the characteristics of dynamic forces being applied tc the wheel
supporting structure., From Figure 6 it can be seen that: the
fundamental frequency of applied dynamic loading is established
by the antiskid cyclic period (i.e., time interval t, -t;), and
assuming constant aircraft velocity during the cycle, the average
braking force achieved is proportional to the area under the curve
of friction torque versus time divided by the cyclic period,

14




The dynamic loading and average achieved brake force are not
independent of each other but rather have a very complex
interrelationship influenced by antiskid component and other
brake system equipment characteristics.
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An examination of Figure 6 considering the parameters showm
and the effects of their variation with respect to evaluating
4 braking system performance reveals that braking effectiveness is
F increased by: (a) moderate rates of brake torque increase,
i (b) high rates of brake torque decrease, (c) lcwer values of
wheel slippage or rate of wheel slippage increase for skid detec-
£ tion threshnold, (d) short antiskid system reaction time,
- (e) smaller amounts of excess applied brake torque and (f) least
possible fraction of initial cycle velocity for skid recovery
signal. Since most of the above tend to diminish the cyclic
period, increased antiskid performance usually results in higher
cyclic frequency potential.

Some particularly important aspects of antiskid operation
are exemplified by Figure 7 which shows a comparison of the
characteristic variation in braked wheel speed and braking force
(friction torque) throughout an antiskid cycle for two extreme
circumstances:

{(a) An instance where the applied brake torque is a very large
percentage greater than the available friction torque and
the available friction torque is low, and

(b) An instance where the applied brake torque is a small
pexcentage greater than the available friction torque and
the available friction torque is high.

For both cases the interval between points @ and @ is the
time consumed by the required antiskid control circuit and anti-
skid valve actions, the interval between points @ and @ is
the time required for sufficient fluid flow from the brake
cylinders to cause brake torque reduction by an amount such that
equality between brake torque and friction torque is achieved,
the interval between points @ and @ is the time required for
wheel spinup sufficiently to produce a skid recovery signal, the
interval between points @ and @ is the time required for the
antiskid control circuit and antiskid valve actions plus an inter-
val required for sufficient fluid to flow such that the brake
discs make contact if the brake was previously released to a
degree for disc clearance to exist, and the interval between
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Figure 7 Comparison of Antiskid Cycle Conditions
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! points @ and @ is the time for sufficient fluid flow to the
brake for causing brake torque increase by an amount such that
equality between brake torque and friction torgque is again
achieved,

It should be noted that the time interval between points (:)
and (:)is approximately the same for both cases because the con-
trol circuit and antiskid valve consume about the same amount of
operating time for any circumstance requiring brake pressure
] reduction, Since for case (a) the wheel has a much higher
3 deceleration rate and a greater pressure reduction must be
accomplished to prevent skidding with resultant greater time
being consumed for removing fluid from the brake, the amount of
wheel speed departure into the unstable slippage region is much
greater, These factors -.iong with the slower wheel spinup rate
resulting from low available friction torque causes brake pressure
reduction to be sustained for a longer time interval during which’
brake fluid volume usually decreases to an extent where clearance
is produced between the friction surfaces. Upon brake reappli-
cation a greater time interval is then required for replenishing
the brake fluid volume to produce brake torque. The overall
resultant effect is that the cyclic period for case (a) is greater
i than for case (b) and the average braking force achieved for
3 case (a) is a smaller fraction of the maximum braking force pro-
duced than for case (b). Therefore, a major consequence of
antiskid cycling is the trend toward reducing the achievable
fraction of the instantaneous peak available braking force for
conditions of low braking force potential (i.e., intensify the
degradation of braking system effectiveness for conditions of
reduced brake force pntential)., This inherent characteristic is
unavoidable whenever any relatively "fixed time' elements are
part of the control loop. The degree of degradation in braking
system effectiveness is increased for larger amounts of excessive
brake torque. This effect can be minimized if upon brake appli-
cation the brake torque is reduced to more closely match the
available friction torque. Modern "modulated" antiskid systems
accomplish reduction of subsequent brake torque reapplication by
using a servo type pressure regulating valve and providing a
relatively slowly varying bias signal to the valve drive amplifier.

From the precediiig discussion it can be established that the
primary objectives of any brake control/antiskid system capable
of achieving improved performance are: (1) to minimize the occur-
rence of antiskid cycles and (2) to minimize the amount of wheel
speed departure into the unstable slippage region for cases where
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cycling does occur., The degree to which these cbiectives are
accomplished while permitting wheel brake application so az to
achieve a large fraction of the potentially available friction
frrce is a measure of the system's relative acceptability.

To accomplish its purpose an antiskid brake control system
must function to cause a braked wheel's motion to be such that
the relative velocity between the tire footprint and the ground
is minimized for as much of the time as possible. An examination
of the factors influencing tire footprint relative velocity
reveals that the relative velocity between the tire footprint and
the ground is equal to the horizontal velocity of the axle plus
the horizontal velocity of the footprint relative to the axle,
and that the horizontal velocity of the tire footprint relative
to the axle is established by the rate of tire tread circumferen-
tial and radial displacement relative to the wheel and the wheel's
angular velocicy relative to the axle, At any instant all these
velocity components are established by the relative distribution
of elastic, thermal and kinetic ercrgy resulting from the cumula-
tive effects of the externally applied forces which have acted
upon the tire-wheel assembly since spin-up and brake application.

As shown on Figure 3 the externally applied forces acting
upon the tire-wheel assembly are the horizontal and vertical force
components between the wheel and the axle, the brake torque, the
radial force between the tire footprint and the ground and the
horizontal friction force between the footprint and the ground.
The runway profile along with the individual and collective elastic
and inertia properties of the tire, wheel, supporting structure
and vehicle influence the amount and nature of variations in radial
ground force acting upon the tire-wheel assembly., The horizontal
friction force acting upon the tire-wheel assembly is the product
of the tire-to-ground radial force and the friction coefficient
which in turn is affected by tire tread material elastic and
strength properties as influenced by temperature and prior exposure
to thermal and other environmental conditions, the nature and
quantity of any contaminating substances, tire inflation pressure
and footprint shape, and ruaway surface texture in addition to
tire footprint relative velocity.

When braking system operation is examined within the context
of the total vehicle system it is evident that the antiskid con-
trol elements must continually adjust brake torque in an attempt
to achieve consonance with the other forces acting upon the tire
wheel assembly. Since the forces acting upon the tire-wheel
assembly are usually quite large compared to tire and wheel
inertia, the antiskid system must accomplish brake torque

18




- axle vertical force component and brake torque recorded during

; landing of an F-11l1A aircraft on the main runway at Edwards AFB,

California under dry conditions. This information was recorded

for reasons other than antiskid system evaluation; however, it :
shows how aixle vertical load variations resulting from airplane g
bouncing triggers antiskid operation as evidenced by brake torque

varying in an attempt to follow the braking force potential. The

higher frequency component of breke torque oscillation, at approxi-

mately 8 HZ, is caused by antiskid operaticn. It can be observed

that each instance of large brake torque reduction corresponds i
with an instance of reduced axle vertical force. For this stop

; the pilot applied constant maximum braking during the interval

shown, For any type airplane with any type antiskid system,

antiskid cycling triggered by a sudden reduction in braking force

potential incurred by either chaunges in tire-to-runway friction

coefficient or by changes in radial wheel load can be expected to

- occur whenever the brake is applied with sufficient intensity.

3 E adjustment very rapidly. Figure 8 shows an oscillograph trace of 3 3

P R R T

As previously stated, the frequency and magnitude of the
oscillatory braking force produced by antiskid cycling is not
independent of braking system effectiveness. To achieve reason-
ably good braking performance under most conditions an antiskid
brake control system should have approximately 10 HZ or greater
cyclic frequency potential., Unfortunately, for many (perhaps
3 most) airplanes 10 HZ is very near or above the landing gear fore
and aft first mode natural frequency. Provisions must therefore
be included within the brake control system to restrict the brake
force oscillatory magnitude and/or cyclic frequency in a manner
so that structurally damaging load magnification is prevented.

§ gaore g A

Figure 7 showed that the natural tendency is for the larger
magnitude brake force oscillations to have a higher frequency
than that for smaller magnitude oscillations. Since most of the
antiskid system characteristics which promote achievement of
improved braking performance for low braking force potential
conditions such as wet runways, also produce higher antiskid
cyclic rate potential, any steps taken to enhance braking per-
formance for slippery conditions must be very carefully evaluated
with respect to their effects upon dynamic loading whenever cir-
cumstances of high brake force potential are encountered.
Therefore, the dominant consideration when evaluating total
braking system compatibility is assuring that the antiskid in-
duced oscillatory braking force does not have a combination of
amplitude and frequency which is structurally detrimental under
any condition of airplane usage. It is most often necessary to
sacrifice braking system performance under some circumstances to
achieve such compatibility.
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Antiskid system evaluation is usually performed during the
initial design or system development phase for most new alircraft
to assure stopping performance objectives can be achieved and to
verify no adverse dynamic loading will be produced. These evalua-
tions may be analytical, experimental or a cocmbination of both
and most often are performed as laboratory dynamometer tests,
hybrid hardware-analog computer analyses and ajrcraft texi tests,
The analytical evaluation is usuvally accomplished by utilizing a
setup composed of hardware representative of the aircraft com-
ponents interfaced with an electronic analog computer. The com-
puter is used to solve mathematical equations describing such
paxameters as alrcraft motion, landing gear motion, tire and
wheel motion, tire-to-runway friction, aerodynamic forces and
brake torque., The actual behavior of a laboratory setup including
such components as antiskid electronic circuitry, the brake,
hydraulic control valves and interconnecting lines or other de-
vices is measured by suitable instrumentation and fed into the
computer to obtain a composite solution, This analysis procedure
is used because a complete mathematical computer setup mey be
considered too expensive or because accurate methematical des~-
criptions for some components such as the electronic antiskid
control circuit are not availlable. If any actual hardware is
used"in the computer setup, the analysis must be performed "real
time .

While these hybrid hardware-computer analyses serve many
useful purposes, several analytical limitations are incurred
with a "real time" solution. Some of these analytical limitations
are: (a) some significant parameters such as brake torsional
displacement, tire circumferential displacement with respect to
the wheel an® unsprung mass position (nosition of the wheel,
brake and axle suspended between springs representing the tire
and shock absorber strut) have very high rates of vibration
making their observation and interpretation very difficult. This
same problem is encountered when attempting to interpret antiskid
operation as recorded during vehicle testing, (b) if actual hard-
ware is used as a part of the computer solution the effects of
component characteristic variations cannot be evaluated unless
such varjations are physically produced. The large expenditure
of time and money required to accomplish such evaluation is
usually prohibitive, (c) the instrumentation used to interface
the hardware with the computer introduces additional variables
to an otherwise very complex system.,

The above analytical difficulties can be overcome or

significantly reduced by employing an all-mathematical approach
and operating the analog computer at a reduced time scale or by
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using a digital computer. As can be determined from the work
accomplished under Contract F33615-70-C-1004 and described in
AFFDL-TR-70-128, a major difficulty encountered with the all
mathematical analysis approach is the large number and complexity
of the mathematical operations result in relatively large compu-
tation expense., A part of the amnalytical refinement accomplished
during this program has been directed toward reducing computation
expense; however, with respect to total system analysis there are
some relatively complex mathematical operations remaining. De-
pending upon particular circumstances and the type of problem to
be solved, useful analytical results can be achieved either with
an all-mathematical approach having various degrees of complexity
or with the hybrid hardware-analog computer approach.

Laboratory dynamoucter test evaluation of antiskid braking
system operation provides a relatively low cost and very low
rigk means for examining many factors relative to system per-
formance and compatibility. The dynamometer test results can be
used to establish parameter values fcr analytical uses or to
confirm analytical predicticns, Even though dynamometer testing
cannot be representative of aircraft operation in some respects,
if prcoperly conducted they will establish the limits of a parti-
cular equipment's capabilities and provide insight into how the
equipment might be changed to achieve a more compatible system.
A very advantageous aspect of dynamometer testing is that almost
any conceivable parameter can be controlled or at least monitored
with relative ease and a particular test can be duplicated if
desired. Aircraft taxi or flight cests are weeded to confirm
that predicted hrake system performance and compatibility are
actually achieved. However, because of the great difficulties
involved in controlling and/or measuring many parameters on an
airplane and because of unacceptably high costs and/or high risks
involved in producing a controlled demonstration under limiting
conditions, it is not generally practical to consider aircraft
testing as the only braking system evaluation technique,

Considering the previously described factors which influence
antiskid operation whenever contemplating analysis of braking
system effectiveness for use in establishing airplane stopping
performance, it becomes evident that the random variation of
such parameters as runway profile and tire-to-ground frictiom
coefficient makes precise prediction of exact occurrences
virtually iwpossible and impractical. However, since the random
variations of many other factors such as brake application speed,
wind direction and velocity, pilot brake system operating
technique, and runway distance remaining from point of brake
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application also significantly influence the relative success
which will be achieved during an individual instance of brake
system usage, it must be acknowledged that the relatively minor
variations in antiskid operation from ome instance to the next
are not greatly significant. The primary benefits to be derived
from analyzing antiskid effects upon airplane stopping performance
are: tc establish the relative capability of onme aircraft type
as compared to another for some defined runway condition, to
evaiuate the relative capabilities of one antiskid system type

as compared to anmother on the same airplane, to evaluate the
effects of possible variations in basic airplane configuration
and landing gear characteristics upon braking system operation,
and to establish braking system compoment performance requirements
which are necessary for achieving some gpecified stopping per-
formance for a particular aircraft type. By applying the antiskid
evaluation techniques utilized during this program, answers may
be provided for such questions as: 1Is it reasonable to expect
that an airplane achieve the same stopping performance on any
runway as might have been achieved during official performance
demonstrations on the very smooth runway at Edwards AFB,
California?, or iIs it reasonable to expect the same level of
braking system effectiveness from two different type airplanes
equipped with the same type antiskid system if the airplanes
differ with respect to tire size and landing gear elastic charac-
teristics so as to affect the amount and frequency of load
oscillation between the tire footprint and the ground? The
answers to such questions can then provide the basis for judging
braking system acceptability under particular circumstances and
for establishing whether or not some change to the braking system
equipment and/or some change in airplane operating procedures
ought to be implemented.

Much of the preceeding discussion is recognized to be
relatively common knowledge among those who routinely participate
in the design, analysis and testing of aircraft braking systems.
This discussion has been presented to establish the basis for
parameters chosen for consideration and the rationale for the
various analytical assumptions employed during this program. It
is also hoped that by reviewing some of the fundamental aspects
of antiskid operation, those who have not been previously exposed
to the subject may be provided some insight into the problem and
may thereby be able to achieve greater benefits from applying the
antiskid analysis te:hniques,
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D. PROBLEM DISCUSSION

A prior program, conducted under U.S. Air Force Contract
F33615-70-C-1004 and administered by the Air Force Flight Dynamics
Laboratory, resuited in development of an analysis procedure for
predicting aircraft antiskid performance and total system compati-
bility., The results of this prior program are described in Report
Number AFFDL-TR-70-128,

The analytical procedures consist of a complete mathematical
description of the antiskid system components along with thz air-
plane, other aircraft components and systems related to or in-
fluerced by antiskid operation, and the characteristics of the
surface upon which the airplane is operating. The mathematical
description includes such considerations as landing gear dynamic
motion, tire elasticity, brake torque response, antiskid elec-
tronic circiaitry, brake hydraulic control system dynamics, runway
surface proiile, and tire-to-runway friction characteristics.
Both "On-Off" and "Modulated" antiskid systems are considered.
Procedures for quantitative evaluation of the influencing para-
meters and examples of their usage are also presented. The
mathematical description consists of analytical components as
follows:

(1) Brake - Brake torque, hydraulic displacement and inlet flow
rate are computed as functions of time comsidering applied
brake pressure, relative velocity between the braking fric-
tion surfaces, axial elasticity, heat stack inertia, piston
position and velocity, and the various friction coefficients
(lining, tcrque tube and wheel splines, piston seals) as
functions of velocity.

(2) Hydraulic System - Hydraulic pressure at the brake, at the
antiskid valve inlet and outlet, and at the pilots metering
vialve ls computed as a functfon of time considering pilot
command, system supply pressure, compressibility and inertia
of the actuation media, line flow resistance and elasticity,
variable flow areas within the pilots metering valve and
antiskid valve as functions of spool position, and volume of
the various containment vessels (lines, valve bodies, brake
housing).

(3) Airplane and Landing Gear - The position and valocity of the
airplane and the landing gear elemants with respect to the
airplane are computed with respect to cime considering forces
from the wheel and brake, aerodynamic forces, runway profile,
shock strut elasticity and dampirg, shock strut positionm,
aircraft inertia, and control suxrface positicu,
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(4) Wheel and Tire - The forces between the wheel-tire assembly
and the airplane and between the wheel-tire assembly and the
runway are computed with respect to time considering tire-
to-runway friction coefficient as a function of relative
velocity and runway surface condition including hydioplaning
effects, tire radial and circumferential deformation and its
rate, applied brake torque and axle velocity.

(5) Wheel Speed Sensor - Antiskid control circuit input signal
is computed as a function of time considering wheel angular
velocity and characteristics of the antiskid wheel speed
sensor device,

(6) Antiskid Control Circuit - Antiskid valve voltage is computed
as a function of time considering the input signal from the
wheel speed sensor and the control circuit characteristics
(the dynamic behavior of the various circuit elements is
described),

(7) Antiskid Control Valve - Antiskid control valve spool position
is computed as a function of time considering the applied
valve voltage from the control circuit, first stage pressure
response characteristics, and inlet, outlet and return port
pressure,

(8) Control Surface Position - Horizontal tail position is
computed as a function of time considering pilot command,
stability augmentation system characteristics, and airplane
pitch rate.

(9) Runway Surface Profile - Runway surface profile is defined
as a function of the airplane's longitudinal displacement.

The analytical prediction procedure is implemented by
combining the individual analytical components to obtaim a total
system composite sclution. An electronic computer is used to
produce a simultaneous solution of all mathematical equations.

The mathematical descriptions previously developed with corrections
and refinements resulting from work accomplisined during this pro-
gram are contained in Apper.dix A herein. To permit confident and
useful employment of the analytical procedure a controlled
physical demonstration to show its validity and to assure all
significant parameters are included ana properly accounted for
should be performed, and simplification and refinement should be
accomplished wherever pussible to reduce complexity and consequent
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computation expense. During the course of this program the
second factor above became the major consideratiom in that only
a very small fraction of the analytical effort planned could be
accomplished.

As with the analysis of any physical phenomena the degree of
complexity incurred with an analysis of antiskid operation is re-
lared to the degree of solution precision which is being attempted.
At the onset of the analytical effort it was recognized that if
any significant improvement in the snalysis of antiskid compati-
bility was to be accomplished, some greater than usual analytical
complexity would be required because the influence of such high
frequency oscillations as brake squeal and tire tread circumferen-
tial displacement was to be accounted for. 1t was hoped that some
way could be found to combine these complex analytical elements
needed for compatibility evaluation with simpler analytical ele-
ments as are more appropriate for evaluating airplane stopping
performance. Unfortunately, efforts expended toward accomplishing
this goal have not produced very successful results. The following
discussion describing various possible mathematical treatments of
tire-to-ground friction illustrates the analytical dissonance
between a procedure best suited for evaluating antiskid compati-
bility and a much less complex treatment suitable for airplane
stopping performance evaluation.

A very important aspect of antiskid brake control system
anaiysis is the mathematical treatment of the relationship between
tire-to-runway friction force and the amount of tire-to-runway
slippage., This mathematical treatment is influenced by budgetary
considerations, computer setup and computer capabilities, For a
real time analog computer setup the usual procedure is to define
the friction coefficient between the tire and runway surface as
a function of wheel slip ratio as shown in Figure 9(a). Ia this
case, the amount of tire slippage is expressed as a fraction of
the axles horizontal velocity. Figure 9(b) shows an alternate
procedure where friction coefficient is expressed as a function
of slip velocity., Figure 10 shows how these functions are used
to compute the brake force and the bprake force is then used in
the computation of wheel slippage. Both of the above can give
fairly good analytical results when evaluating braking system
perforuance but do not produce computer operation which correlates
very well with the effects of antiskid operation as recorded during
vehicle tests.
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(b)

SLIP VELOCITY

Figure 10
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As described in Reference 17, a critical examination of the
above mathematical treatment of the relationship between tire-
to-runway friction force and tire-to-runway slippage will reveal
that in the stable positive slope region of the friction force-
slippage relationship the amount of apparent slippage is the
result of the braking force and tire elastic deformation, not the
cause of some value of friction coefficient being in existence,
and that in the unstable negative slope regioa of the friction
force-slippage relationship the amount of friction force decay is
a function of the tire footprint actual slippage not some percent-
age of the axle velocity. Consequently, the characteristics of
the friction coefficiant-slip ratio function, if used, must be
established relatively arbitrarily because of the very large
variations which must be approximated over a wide range of condi-
tions., It is not urcommon to set the initial slope of the friction
coefficient~slip ratio function to be compatible with computer
capabilities rather than attempt to simulate the tire elastic
properties as would be more realistic.

Ccnsidering the abcve, using the analytical convenient slip
ratio-friction coefficient technique cannot produce truly credible
analytical results. Using the friction cozfficienc-slip velocity
approach is capable of more believable analytical results if the
function can be adequately defined. The ma:aematical treatment
of the brake force-tire slippage phenomenon cescrit .d in Appendix
A herein better represents actual physical occarreices. This
procedure is to account for the tire tread torsic 1 and trans-
lational deformation relative to the wheel when cumputing foot-
print velocity relative to the runway. However, because of the
tire treads' very high acceleration, a real time analog computer
or relatively long integration time step digital computer solution
is not practically achievable. Using the tire mathematical model
described in Appendiz A along with the definition of tire pro-
perties from Reference 1 allows the examination of such effects
as tire size and inflation pressure upon braking system compati-
bility. These effects can be of considerable significance for
the case of small high pressure tires.

There are other analytical elements such as brake torque
computation and hydraulic valve operation where there are
similar differences between the type of mathematical treatment
which is best suited for compatibility anelysis as compared with
performance evaluation. It has been concluded that a single
analysis procedure is not likely to ever be formulated which will
be capable of general usage for all antiskid analysis tasks in an
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? economically feasible fashion, Accordingly, an alternate more
simplified analysis procedure has been formulated, The analytical

techniques of the simplified Procedure are intended to be pri-
. marily used for performance evaluation, However,
1 aspects of antiskid operatio. can be analyzed.
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SECTION II

VERIFICATION TESTING

The initial step toward verifying, correlating and refining
the previously developed aircraft antiskid performance and total
system compatibility analysis procedures was to conduct a con-
trolled physical demonstration of total braking system operationm.
This demonstration consisted of a number of braked stops per-
formed on a laboratory brake test dynamometer using a test set-up
including an aircraft landing gear assembly to support the tire,
wheel and brake, the brake actuation hydraulic system, and an
antiskid system, During these braked stops various forces,
hydraulic pressure and displacements describing the landing gear
dynamic behzvior, antiskid and hydraulic brake control systems'
operation and braking performance were recorded so that this in-
formation could be compared with the corresponding information
predicted by the analytical procedures for the same circumstances.
The controlled demonstration was intended to show the effects upon
braking performance ani total system compatibility which result
from varying such total system characteristics as:

(1) Hydraulic flow restriction at various points in the breke
actuation system

(2) Tire radial and torsional stiffness

(3) Antiskid control characteristic

(4) Landing gear fore and aft natural frequency
(5) Tire-to-runway braking force potential.

A, TOTAL SYSTEM TEST INSTALLATION

The total system test installation consisted of:

(1) A support fixture equipped with a movable carriage simulating
the aircraft lunding gear attachment points. A carriage
loading and control system was provided so that the landing
gear could be landed on the 192 inch diameter flywheel of
the inertia brake test dymamcmeter located in the AFFDL
Landing Gear Test Facility, Building 31, Area B, Wright
Patterson Air Force Base, Chio.
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(2)

(3)

(4)

(5)

One F-l1lll main landing gear tire-wheel-brake assembly
installed on the necessary F-1lll landing gear structural
components s0 as to complete an installation the same as
that for the aircraft left main wheel,

A mockup of the F-1ll hydraulic brake actuation and control
system including pilot's metering valve, accumulator, lines
and fittings.

An antiskid control system including wheel speed sensor,
control circuit and antiskid valve.

Instrumentation equipment as required to measure and record
dynamometer flywheel speed and distance, braked wheel speed,
hydraulic pressure at the brake and at the antiskid valve
inlet, brake torque, radial and tangential forces between
the tire and dynamometer flywheel, and electrical signal at
the antiskid control valve. The instrumentation consisted
of:

(a) Electrical resistance strain gage pressure transducers
with appropriate excitation power supply and resistance
measuring electronic circuitry (CEC System D) to measure
hydraulic pressure at the brake and at the antiskid
valve inlet., The accuracy of the pressure measurements
was within + 25 psig.

(b) The output from the antiskid wheel speed sensor (3 D.C.
tachometer) was used to measure braked wheel speed.
The speed was determined within 2 percent by using the
tachometer calibration zurve and an electronic D.C.
woltmeter (same as described in (e) for antiskid valve
electrical signal),

(c) A light beam type electronic pulse generator and 200
hole perforated disc with appropriate electronic cir-
cuitry was used to measure dynamometer flywheel speed
and distance, Distance measurement within + .25 ft.
and velocity measurement within + 1.5 miles per hour
was accomplished with an electronic counter and by the
osclllograph.

(d) Electrical resistance strain gages instalied on the
axle were used to measure the radial and tangential
forces between the tire and dynamometer flywheel and
brake torque., CEC System D excitation power supply
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and resistance measuring electronic circuitry were
used for strain gage output recording. The axle was
calibrated using a calibration fixture previously used
for flight test load calibration.

(e) An electronic D.C. voltmeter was used to measure the
electrical signal at the antiskid control valve. This
voltmeter is the oscillograph galvanometer with
appropriate shunt, Voltage measurement was within
+ .5 volts.

Outputs from these measuring devices were recorded with
respect to time on a CEC direct writing oscillograph and on
magnetic tape.

Instrumentation calibration was accomplished by accepted
laboratory practice with respect to standards traceable to the
National Bureau of Standards.

During the course of the testing alternate equipment items
such as different size tires, different antiskid control circuits
and different hydraulic flow restrictors were assembled into the
total system installation as appropriate to produce the desired
overall system configuration for individual test conditions.

The total system test installation is shown on Figures 11, 12,
13, 14, 15 and 16. Figure 17 shows two views of the 192 inch
diameter inertia brake test dynamometer located in the AFFDL
Landing Gear Test Facility prior to installation of the total
system test support fixture. These two views correspond to those
shown on Figure 11 and Figure 12 after the total system test
support fixture was ingtalled.

The total system test support fixture was designed and
fabricated at the Fort Worth Operation of General Dynamics Convair
Aerospace Division in Fort Worth, Texas. After assembly the
support fixture was structurally proof tested at Fort Worth,
Texas and then disassembled, shipped to Wright-Patterson Air
Force Base, Ohio and installed in the AFFDL Landing Gear Test
Facility. The support fixture has 28.0 inches carriage stroke
and will accommodate a landing gear having up to 50.0 inches
tire diameter. The movable carriage weighs approximately 15000
pounds and with the initially installed size actuator powered
by the existing 1500 psi hydraulic system tezt loadings over
the range of 0 - 30,000 pounds applied radially on the dynamo-
meter flywheel can be accomplished. The support fixture struc-
tural capacity is 50,000 pounds and by increasing the size or
number of load actuators or by increasing the capacity of the
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Figure 12

Total System Test Installation Support Fixture
Viewed Looking East from Outside Dynamometer Cage
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Viewed Looking East From Outside of Cage

Figure 17 AFFDL 192 Inch Diameter Brake Test Dynamometer

Prior to Total System Test Installation i
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existing hydraulic system test loadings up to 50,000 pounds can
be accomplished. Figure 18 shows the support fixture while being
subjected to proof loading for the side load design condition and ;
Figure 19 shows the fixture set up to apply proof loading for the f 3
landing design condition. Because the support fixture is not | ]
structurally symmetrical for loading applied in the plane of the
flywheel, both landing and braking design proof loads were applied
in each direction (i.e., as installed,horizontal lcads acting
both North and South). Because of support fixture symmetry in

the plane of the flywheel shaft, proof loading for the side load
condition was applied in the direction of horizontal load acting
West only., The proof loadings applied are: for the landing

design condition, 142,000 pounds (1.5 times the resultant of
75,000 pounds vertical combined with 57,750 pounds horizontal
in a plane 19.0 inches above the flywheel), for the braking
design condition 117,000 pounds (l.5 times the resultant of
50,000 pounds vertical combined with 60,000 pound horizontal in 4
a plane tangent to the flywheel), and for the side load design k
condition {(drift landing) 144,000 pounds which is 1,5 times the i
resultant of 75,000 pounds vertical combined with 60,000 pounds |
horizontal and in a plane tangent to the flywheel. i

The support fixture carriage loading and control system
consists of an electrohydraulic servo actuator in combination
with a solid state electronic amplifier/comparator unit. The ;
test fixture control unit as shown in Figure 13 all.ws the i
operator to lock or unlock the overhead carriage, command landing :
or unlanding, control the amount of landing load applied, apply ;
or release the brake, bleed the carriage load hydraulic equipment
and implement emergency unlanding.

B. TEST CONDITIONS AND PROCEDURES

The testing was accomplished by performing braked stops with
a corbination of different equipment configurations and different 1
applied loading as listed in Table 1. The various equipment i
configurations listed are:

(1) Antiskid System - The antiskid systems used during the tests
consisted of a production F-111 wheel speed sensor {(Goodyear
Part Number 9542613) and antiskid control valve (Goodyear
Part Number 9550255) connected with one of the following
antiskid control circuits:
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Figure 18 Landing Gear Support Fixture Structural
Proof Test for Side Load Conditionm
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Figure 19 Landing Gear Support Fixture Structuial
Proof Test For Landing lLoad Condition
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Table 1

ANTISKID
SYSTEM

ON-OFF-A
ON-OFF-A
ON-OFF-A
ON-OFF-A
ON-OFF-A
ON-OFF-A
ON-OFF-A
ON-OFF-A
ON-OFF -A
ON-OFF-A
ON-OFF-A
ON-OFF-A
ON- OFF-A
ON-OFF-A
ON-OFF -4
ON-OF¢'-A
ON- OFF-A
GN-OFF-A
ON-OFF-A
ON-OFF-A
ON-OFF-B
ON-OFF-B
ON-OFF-B
ON-OFF-B
MOD-A
MOD-A
MOD-4
MOD-A
MOD-A
MOD-A
MOD-A
MOD-A
MOD-A
MOD-A
MOD-A
MOD-A

Test Condition Summary

TIRE
SIZE
47 X 18
47 X 18
47 X 18
47 X 18
47 X 18
47 X 18
42 X 13
42 X 13
42 X 13
42 X 13
42 X 13
42 ¥ 13
42 X 13
42 X 13
42 X 13
42 X 13
42 X 13
42 X 13
42 X 13
42 X 13
42 X 13
42 X 13
47 X 18
47 X 18
47 X 18
47 X 18
47 X 18
47 X 18
47 X 18
47 X 18
47 X 18
47 X 18
42 X 13
42 X 13
42 X 13
42 X 13

TIRE AND
INFLATION

150-A
150-A
150-A
150-A

50-A

50-A
200-A
200-A
200-A
200-A
200-A
200-A
200-A
200-A
200-A
200-A
200-B
200-B
200-B
200-B
200-A
200-A
150-A
150-A
150-A
150-A
150-

50-A
150-A
150-A
150-A
150-A
200-A
200-A
200-A
200-A

44

SHOCK STRUT  HYD,

CONFIG.
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APPLIED
VERTICAL
LOAD

17,000
13,000
9,000
5,000
5,000
13,000
17,000
13,000
9,000
5,000
5,000
13,000
5,000
13,000
5,000
13,000
17,000
13,000
9,000
5,000
13,000
5,000
13,000
5,000
13,000
5,000
13,000
5,000
17,000
13,000
9,000
5,000
17,000
13,000
9,000
5,000
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(a) ON-OFF-A antiskid control circuit was a bread board
version of the production F-104 and B-58 circuit except
that an amplifier was added to the input in an attempt
to achieve compatibility with the F-111 wheel speed
sensor and to account for the difference in tire size.

(b) ON-OFF-B antiskid control circuit was the same as
N-OFF-A except the skid detection threshold and skid
recovery signal settings were adjusted to achieve
better stopping performance for the condition where
high braking force potential exists.

(c) MOD-A antiskid control circuit was the production F-111
circuit with a modification of a resistcace value in
the modulating section. This modification was to
facilitate the computation of analytically predicted

performance and should have had negligible effect upon
antiskid operation.

(2) Tire Size - The following two different size tire and wheel

(3)

assemblies are physically interchangeable on the F-111 axle
and fit with the F-111A brake assembly. The difference in
weight of these two tire and wheel assemblies was expected

to produce a preceivable change in landing gear fore and aft
natural frequency.

(a) 47 X 18-18 size 26 ply rating tire mounted on a F-111A
wheel assembly (B.F. Goodrich Part No, 3-1156-7) -
This is the production F-11llA equipment.

(b) 42 X 13-18 size 28 ply rating tire mounted on a F-111B
wheel (B,F. Goodrich Part No. 3-1155-~5).

Hydraulic Configuration - The hydraulic brake actuation and
control system used for these tests was a mockup of the
production F-1l1 system with the following alterations:

(a) Hydraulic Configuration A was the production configura-
tion with no alteration except that a single long hose
was used in place of a combination of hard line and
two short hoses between the metering valve and the
landing gear.

(b) Hydraulic Configuration B was the production system
modified by installing a moderate hydraulic flow res-
triction (,060 inch diameter orifices) between the
antiskid valve and the brake.
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(4)

(¢) Hydraulic Configuration C was the production system
modified by installing a moderate hydraulic flow res-
triction (.070 inch diameter orifices) between the
pilot's metering valve and the antiskid valve.

(d) Hydraulic Configuration D was the production system
modified by installing a very high hydraulic flow res-
triction (.035 inch diameter orifices) between the
pilot's metering valve and the antiskid valve.

Tire and Shock Strut Inflation Conditions - The test run
conditions listed in Table I include variations in the

total system configuration with respect to the shock strut
and tire inflation pressures., The shock strut inflation
pressure condition A is equivalent to that used on the F-1l1
and is sufficiently high to keep the shock struts upper
stage fully extended. 1In the upper stage fully extended
position and with the vertical loads associated with landing
gross weights, shock strut stroking loes not occur because
there is insufficient compressive force to overcome the
extending load. In this case the tire absorbs all of the
airplane's vertical motion with respect to the ground and
fairly large tire load variations result, Shock strut in-
flation pressure condition B is a lower pressure as is
required to allow the upper stage to be compressed enough
to produce two inches axle travel from the upper stage fully
extended position when the test load is applied statically.
This shock strut inflation condition would allow some of the
vertical position variation in the aircraft's landing gear
attachment to be absorbed by shock strut stroking as would
occur with a conventional single stage strut arrangement.

In this case the variation in tire loads should have been
reduced. Even though these tests were performed with a
laboratory set up where large vertical load variations
should not occur the elastic deflection of the load carriage
was expected to produce some variation of vertical load.

Different tire inflation pressure conditions were imposed
to achieve changes in tire radial and torsional stiffness.
The higher pressures were those which are usually used on
the airplane (no flywheel correction applied) and the lower
pressures were those which will produce approximately the
same deflection for the test load imposed as is experienced
on the airplane.

On Table 1 the tire and shcck strut inflation condition is
indicated by the tire inflation pressure in psig and the
shock strut inflation condition lecter as described above.
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Since these tests were performed to produce information to
be used for verification of the analytical prediction procedure,
the test conditions were formulated to be compatible with the
analytical procedure. The achievement of good (or even acceptable)
braking performance was not expected for some test conditions.
The reason for using the On-Off type antiskid control circuit
for the majority of the test conditions was that the analytical
predicticn for On-Off operation was believed to be more economi-
cal than for the modulated control circuit operation. The
objectives for the individual test conditions were:

© Test conditions number 1, 2, 3 and 4 were to examine the
variation in braking system performance which results from
variations in tire-to-runway braking force potential.

©® Test conditions number 5 and 6 were to examine the effects
of tire stiffness. The results of these test runs will be
compared to conditions 2 and 4.

¢ Test conditions number 7, 8, 9 and 10 were to examine the
effects of changing the landing gear fore and aft natural
frequency.

¢ Test conditions number 11, 12, 13, 14, 15 and 16 were to
examine the effects of variations in hydraulic system flow
restrictions.

o Test conditions number 17, 18, 19 and 20 were to examine
the effects of tke landing gear's vertical compliance as
influenced by shock strut characteristic,

o Test conditions number 21, 22, 23 and 24 were to examine
the effects of changing the control circuit's operating
characteristic.

o Test conditions number 25 and 26 were to determine the
effects of varying the hydraulic system restriction in
conjunction with modulat. antiskid circuit operation.

¢ Run condition 27 was to de. .1e the effects of the landing
gear's vertical compliance . onjunction with modulated
antiskid circuit operation.
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o Test run conditicn 28 was to determine the effects of tire

stiffness in conjunction with modulated anciskid circuit
operation,

o Test conditions number 29, 30, 31 and 32 were to determine
the variation in braking system performance with modvlated
antiskid circuitry resulting from variations in tire-to-
runway braking force potential.

o Test conditions number 3:, 34, 35 and 36 were to determine
the effects of increased landing gear fore and aft natural
frequency along with variations in tire-to-runway braking
force potential with modulated antiskid system operation.

For all test conditions the dynamometer flywheel inertial
equivalent was 10,147 pounds, the brake application speed was
135 mph and brake release speed was 10 mph. The resultant kinetic
energy absorption was 6.15 million foot pounds as compared with
18 million foot pounds F-111A brake 45 stop energy capacity.
This low energy condition was used for economy in that brake wear
was minimized, test runs could be conducted more frequently be-
cause long brake cooling periods were avoided, and the computation
expense required to analyze a complete test run was reduced. Each
test run was performed as follows:

® The applicable total system installation test configuration
was installed in the test set-up and the antiskid control
circuit was functionally checked. The applicable landing
load was set on the carriage load control system,

The flywheel was accelerated to approximately 140 mph
peripheral speed and the wheel was landed with the applic-
able applied load. When 135 mph flywheel speed was reached
the brake was applied by positioning the aircraft pilot's
metering valve for 1600 psi steady state output pressure.
Prior to landing the instrumentation and recording equipment
was started to record the applicable parameters during the
test.

When the flywheel speed had been reduced to 10 mph, thec
brake was released so that the aircraft wheel was allowed

to coast, At approximately 2 mph flywheel speed the air-
craft wheel was unlanded., The dynamometer flywheel was not
brought to a complete stop because significant antiskid
operation does not occur below 10 mph lccked wheel detection
speed and because repeated high torque low speed usage
causes excessive brake wear and lining damage.
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C. IEST RESULIS ¢

Since this testing was performed for verification of the
analytical prediction procedure, the criteria for evaluating the
relative success or failure of an individual test run is estab-
lished by the degree of agreement between actual occurrences and
the analytically predicted occurrences. The nature of the testing
was such that the test results could be evaluated by direct ob-
servation of the oscillograph traces showing the recorded data.
Items which were evaluated are:

izt

3 © Landing gear fore and aft load magnitude and oscillation
frequency.

£ ° The character and magnitude of braked wheel speed variation
throughout individual antiskid cycles.

s
[+]

Relstive braking effectiveness as indicaced by stopping
distance ard dynamometer flywheel deceleration rate.

o The ability of the antiskid system to prevent skids when
conditions of low tire-to-runway friction potential are
encountered.

k. 2t L e n

o The overall compatibility between the various elements
within the total system. For instance, was the hydraulic
brake line flow restriction excessive such that satisfactory
tire skid prevention or the achievement of satisfactory
stopping performance was inhibited.

Test yuns were performed for all of the 36 test conditions
listed in Table 1 and the test data was recorded as intended.
Figure 20 shows an oscillograph record for test condition No. 29
with a reduced time scale. This oscillograph is typical of the
other test conditions except for length. As can be observed the
antiskid system operated reasonably well,

In most respects practically all of the test results except
for those from test condition No. 29 were unsatisfactory in that
the circumstances of the test runs were beyond the bounds of the
circumstances for which the amnalysis procedures were intended to
represent. The primary difficulty was that the On-Off antiskid
circuit operation was totaily unsatisfactory and not representa-
tive of any type antiskid system which might ever be attempted
to be used on an airplane. Unsatisfactory On-Off antiskid
operation was caused by the wheel speed signal being severely
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distorted by the amplifier which was intended for adapting the
F-111 wheel speed sensor to provide the proper input to the F-104
type electronic cilrcuit. The existance of the problem was recog-
nized at the time the tests were being conductad; however, the
means for prompt resolution was not available. Testing was
continued because the degree of wheel speed signal distortion
was not believed to be as great as it was later determined to be.
When the magnitude of the problem was identified there was
insufficient remaining time with which to implement suitable
corrective action and repeat the test runs.

As a result of the unsatisfactory On-Off antiskid operation,
a large number of severe tire skids occurred. These tire skids
caused the tread compound to become reverted. Even though the
flywheel surface was cleaned between test runs, the reverted tire
tread compound contaminated the flywheel surface during the first
few wheel revolutions such that tire-to-flywheel friction coef-
ficient was much less than that which is usually available and
which was planned for. Since the test runs for conditions using
the modulated antiskid control circuit were performed such that
they were interspersed with the tests using On-Off antiskid
circuit, the results of these tests were adversely affected by
the abnormal tire tread condition. This problem could have been
avoided if additional tires had been available for replacement
or if the tests had been performed so that those using modulated
antiskid circuit had been performed first.

Observation of the oscillograph records during the course of
the test revealed brake pressure increase and decrease was occur-
ring at a rate less than that which had been expected. The test
setup was inspected for possible unplanned excessive restriction
in the hydraulic lines from the brake to the antiskid and brake
metering valves and the antiskid valve was changed on one
occasion; however, no cause for apparent high restriction could
be found. This effect did not cause any significant difficulty
with antiskid operation during testing but does cause an
analytical problem as discussed in Section IV.
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SECTION IIX

ANALYSIS REFINEMENT

Early in this program it was realized that if any appreciable
amount of test data correlation was to be accomplished it would
be necessary to devise some way to reduce analytical complexity
because of the prohibitive computation expengse which would other-
wise be incurred. This problem was previously discussed in
Section I herein, To permit evaluation of such effects as brake
chaitter and squeal, the tread circumferential and radial dis-
placement with respect to the wheel, and hydraulic system resonant
pressure surges, the analysis procedures as previocusly formulated
contain a number of second order differential equations describing
phenomena having very high oscillatory frequencies, some well
above 100 HZ, Provisions for these effects were included because
there have been Instances where they have been the cause of brak-
ing system incompatibility problems, In addition, the examination
of tire tread displacement with respect to the wheel provides the
only known means of adequately explaining a tire's braking force
versus apparent slippage relationship.

As a first step toward analytical refinement the antiskid
valve rathematical model was revised as described in Section 7
of Appendix A, Additional damping was added between the tire
tread and the wheel and the tire-to-ground friction coefficient
versus slip velocity function was modified as described in
Section 4 of Appendix A, These simplifications were helpful but
did not significantly reduce computation expense, It is evident
that there are infinitely many minor variations of the mathe-
matical models formulated and that the useful analytical tool
whereby "high gain" second order differential equations are
replaced with first order uquations could be employed in many
more lastances than it has, However, by these means establishing
the simplest possible composite solution which could be useful
requires a great deal of time consuming experimentation. To
overcome this problem it was decided to revert to the more usual
antislkid analytical techniques and formulate a simplified analysis
procedure, For the following simplified mathematical description
all of the elements previously described separately, except for
the wheel speed sensor and antiskid control circuit, are combined
into a single simplified model representing a brake test dyna-
mometer type setup, This simplified model is essentially the
same as that which would be (and has been) used on an analog com-
puter operating at 'real time" with actual aircraft antiskid
control circuit hardware, For this case such high frequency
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second order equations as those for axle torsional displacement,
tire tread displacement relative to the wheel, brake disc axial
displacement and hydraulic valve spool displacement are not
included, There is also a significant difference in the treat-
ment of the tire-to-ground friction force for this model in that
the friction coefficient versus footprint relative slip velocity
function has been modified to have a relatively moderate slope
through zero as shown in Figure 24. This modification is re-
quired to represent the elastic displacement of tne tire tread
relative to the wheel which is not being computed. The same
format as used in Appendix A is used.

A, MATHEMATICAL DESCRIPTION

Each major element of the system is described separately as
in Appendix A even though all elements are combined into a single
system.

Hydraulic System

The hydraulic system supplies brake actuation pressure, /%3,
and consists of a pressure source, the antiskid valve flow control
spool, the brake actuation cylinder and interconnecting piping as
shown in Figure 21. As described in Appendix A hydraulic flow is
established by the product of a pressure function fﬁ and a flow
coefficient function Acv as follows.

W B<x 0 =Sion (x-Y) TN

(2) Hev <x> = Acvo IF X 2 Scvo
= MAX { Acw., K(ACVD/.)—CVO)} I XL S(.‘VO
FR % ‘I Xcy
, == —— XA
= =
L@ cYR N Pcvs | 5
N\ A =
(2&3 —_— .F%a
L_.__*& —r
Figure 21 Simplified Brake Hydraulic System Schematic
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The pressure source is the pillot's metering valve output
having pressure Auyv . As the pilot applies the brakes, the
metering valve output pressure increases from reservoir pressure,
APr , to the command pressure value, << , as a function of time
in accordance with equation (3).

3 Puy-= 7‘(ﬂcp-f%)/7‘cp FPR O ETETC
= /OC‘F’ 10 7> TP

The antiskid valve flow control spool position, Xcv ,
establishes the brake application or brake release flow coeffic-

ients, Acvs and /Acvr respectively, according to equations (4)
and (5).

) Acve =Aevso 1F (Kev -See) 2 Sevo
= AKX %c:w. 5 XC#-.%:.XA eVse / m)} 17 (X cr-.fa_) <Seve
(5) /‘?CVR = ﬂcwﬁo /F (“fa*XCv) '>'\5-ca/a

= MAX ‘f Aeve 3 (~See~ ch)(ﬂcvzo/fcm)} /e (~See-A w) <Seva

The flow thru the antiskid valve flow control spool is then given
by equations (6), (7) and (8).

6)  Qevs = Acvs < Prv, Pa>
D Qeve = Acwvr #< Po, o)
(8) Rs = Qevs-Qevr

n

If the brake actuation piston area per line is /875 , then the
piston velocity, Xg, 1s given by equation (9).

®)  Xs= Qa/Aaes
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The brake actuation pressure is established from the brake
pressure volume characteristic as described by equation (10).

(10) /% = Cam. X8 + %o IF Xfo
Cary X8 ++o /F X8>0

o b

The value for piston displacement Xg is established by
integrating Xp from equation (9).

Antiskid Control Valve

The antiskid control valve mathematical description consists
of the equations establishing the flow control spool position,

X¢v » as a function of the valve's characteristics and the input
control signal, £v , as follows:

(11) Xse =Csevp Lv

(12) Ksc = 10 , 17~ Xs¢c € Xsem
= C)(Sc;e-,{’;c)//_/(sc,’a ".XS'CM) (= ASem <Xsc< Xser 3
0,0 iF Kse 2 Xscr )
(13) Fse = Ric ( By '/g,e) + PR+ Pevg ?
(14) Vev= Gev ( Fie - Fs) :
(15) XCV-‘- min/ {O/ ch} /FJ}K/? = Kev
= Yev

1= Sevnd Kew <Seva 4

= Maix {0/ VLV’}' 1F N é\fC‘/A’ i

Brake Torque System

Brake torque is the product of the number of friction surfaces,
the normal force between friction surfaces, the friction coeffic-
ient between friction surfaces and the normal force radius. The
normal force is the product of the effective actuation pressure,

Fz , and the brake piston area, /769 . The effective pressure is
determined from equation (16) as follows:

S

—
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(16) /9‘_( '-‘mA,({O, Fa - Paoc -Fac J/éﬂ(f‘ec?)}

The brake torque, 737‘, is determined by equations (17),
(18) and (19) where the friction coefficient is defined as a
function of the relative velocity between the friction surfaces,

V8 . Wr 1is the wheel angular velocity.
A7) Vo= Rer wr

(18) Al = b ruse £xo <-dglg) 1F VG >0
= 0 ) VE = 0
T =y ey AP < Kp VhD> /K Vi< o

) Tgr- Aer Rar & Ne (Pe) ()

In the above NR is the number of ro:zors. Since each rotor
has a friction surface on each side, the number of friction

surfaces is 2 NR.

Wheel and Tire System

Figure 22 shows the wheel and tire system representing a
brake test dynamometer setup. The horizontal force, #5 , on the
wheel (from the axle) is given by equation (20).

@0 fe= -Co Xe - De Xa

1f 787 is the brake torque and ~6ér 1is the friction force
at the tire-flywheel interface, the tire and vheel equations of
motion for horizontal trancslation and rotation are:

@)  Ws Xe= Fa-Far
(22)  Wer Wr = Far Rrp -78r

The relative velocity between tire tread and the flywheel,
V4 , is given by equation (23).

@3 We=VFr )2@, - Re WT
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The braking force, Z47 , is established by the tire vertical
force, /wm , and the tire-to-ground friction coefficient, &r ,
by equations (24) and (25).

4) Fgr = FNm A

25 _Ur = ar - (S ’Z:rVF) £xP <“"~(VE-—‘//€0)> 1 Ve >V

( V’@,/I/M) (A7 rblrs "ff//ﬁ) 15 ~Vio £t £z
= <y (- Er i) Exp< < (Vo Hha)> 15 VR 4 ~Vio

!

i

The flywheel velocity, Vi , and flywheel peripheral distance,
XF , are computed by integrating equations (26) and (27).

(26) ]/;:; = - gt // We
1) XE = Ve iz

Figure 23 shows the Simplified Antiskid Analysis System
Equation Flow Diagram.
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B. PARAMETER EVALUATION

The parameters applicable to the simplified antiskid analysis
procedure are listed in Table 2. The values for each parameter
are that for test condition No. 29 as established by the pro-
cedures described in Appendix A for the applicable case except as
follows:

The antiskid control valve gain, G¢v , is set at a value such
that if the valve spool had constant velocity it would move through
its entire travel in 0.010 seconds which is the step input res-
ponse time of the valve with 1500 psi differential pressure,
Therefore,

For .070 inches spool travel in .0l seconds,
Xev = .07/.01 = 7 inches per second.
Qev = Xev /AP = 7/1500 = 0.0047 in3/sec 1bf
The positive slope portion of the tire-to-ground friction
coefficient function was established from information presented
in Reference 1, for a 17.00-20 tire which is about the same size
as the 47 X 18 tire used during testing:
From Figure 54 (page 38) of Reference 1:

Fx =rKxSt for an axle velocity of apnroximately
100 ft/sec.

Where FX = Braking force
" = Tire free radius
Kx = Tire fore and aft spring rate
J: = glip ratio

By definition 57 = slip velocity
axle velocity

For a 47 X 18 tire with 13,000 pounds radial load and 150 psi
inflation pressure, Kx = 6830 pounds/inch (see Reference 1, page
22, equation 47).

For a 47 X 18 tire I = 23,35 inches
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Since /EX ",d(/fg = k'x.ﬁ 3

rKe§i _ (27.35)(6830) S
Fa / Food

A=

SLIP VELOCITY

= /2.228; = /2 —
RF ol = S 42 3XIE VELOCITY

From Figure A40 in Appendix A Amax = .496 for 2400 in/sec
aircraft velocity. Use this value even though axle velocity for
data from Reference 1 is only 1200 inches/sec.

Let Vg, = slip velocity for #max ¢ Therefore,

VA’() = Axle Velocity [_éﬁ%
’Z 2L

Vew = 1200 ('4‘%)

l2.22,

Méﬂ = 48,7 inches/sec

Figure 24 shows the resultant tire friction coefficient
versus slip velocity function.

Mt
+l
496 |---

-487 INfseC
| 4ABTim fSEC

-—4 -.496

Figure 24 Tire-To-Ground Friction Coefficient
Versus Relative Velocity
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in aadition to formulating the simplified amalysis procedure,
some minor corrections have been made to the On-0Off and modulated
antiskid control circuit mathematical models as shown in Section 6
of Appendix A, For the On~-0ff circuit equation (N2) was not pre-
viously separately identified. Since Diode D2 is in the current
path it is necessary to consider current AD2 scparately so that
its value can be limited to positive values only.

For the modulated antiskid circuit a minor modification of
the computation sequence was required to place the proper limits
on current Asgz . For circuit conditions 3, 4, 7, 8, 11 and 12
where the valve drive amplifier is operating in the amplification
mode, an upper current limit is necessary to represent the satu-
rated condition., With the revised computation sequence, the
value of As32 , once established and properly limited, is used
for computing VB and Ac4. Previously, the equation for 4+qz
was substituted into the equations for V8 and /¢4 so that all

three parameters were computed from the instantaneous capacitor
voltages.

66

L -

e e g Eacal




SECTION IV

TEST DATA CORRELATION

Test data correlation was accomplished by comparing the
analytical predictions for test condition number 29 with the
test results, Figure 25 shows an expanded time scale oscillo-
graph record of the first two seconds of the test for condition
number 29, The varlations of brake cylinder pressure, horizontal
and vertical force on the axle, brake torque, braked wheel speed,
and antiskid valve voltage are shown with respect to time., Two
brake cylinder pressures, identified by "A" and "(Q", are shown
because the F-1l1 brake has two independent sets of actuation
¢ylinders and each set is controlled by separate metering valve
and antiskid valve elements. Figure 26 shows the variation of
the same or comparable quantities as predicted from the simpli-
fied analysis procedure for the first second of the stop. For
the analytically cenerated information only one cylinder pressure
is shown and the axle drag is shown in deflection units instead
of force units. The information shown on Figure 26 was obtained
from an electronic digital computer sclution of simplified
analysis procedure mathematical equations described in Section
III combined with the Option 2 wheel speed sensor and modulated
antiskid control circuit mathematical wmodels from Sections 5 and
6 of Appendix A. The digital couputer input data is shown on
Table 3 and the computer program listing is in Appendix B.

A comparison between the test results shown on Figure 25

and the analytical predictions shown on Figure 26 reveals the
following:

° The antiskid cyclic frequency is much higher for the
Analytical prediction than was obtained in the test

° The brake pressure change rate in the test was much lower

than analytically predicted

® The modulating antiskid circuit elements are not operating
for the analytical prediction and werc operating during
the test.

It is believed that these differences are caused by both
analytical and test difficulties. As was previously mentioned
in Section II the brake pressure change rates were observed to
be much lower than expected. Figure 27 shows part of an
oscillograph record from an aircraft test performed by the Air
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Force at Edwards Air Force Base, California. Many pertinent
occurrences are shown on this record one of which is the brake
pressure change rates, Records such as this were the basis for
the pressure change rates expected during the testing phase of
this program. It can be seen that for high rate valve voltage
changes, the brake pressure changes on the airplane at about the
same rate as was analytically predicted rather than as exper-
ienced during laboratory testing. To achieve agreement between
analytical prediction and laboratory test result, the analytical
parameters describing hydraulic flow restriction need to be
modified to describe the laboratory test set-up. This could be
done either by measuring the flow restriction in the laboratory
(which should have been accomplished) or by trial and error
experimentation with the analytical procedure. Neither has been
accomplished. The differences in hydraulic flow restriction
between the analytical prediction and the laboratory test set-up
are primarily responsible for the different antiskid cyclic rates.

The failure of the analytical procedures to predict the
operational characteristics of the antiskid control circuit
modulating elements seems to be caused by two problems, The
first is that for some undetermined reason, the computer program
is not computing the same influence of capacitor C2 voltage upon
antiskid valve voltage as a static check of the equations would
indicate. The voltage of capacitor C2 controls the valve ampli-
fier bias. Efforts toward finding the cause of this problem have
not been successful. 'The second and most significant problem
from a analytical viewpoint is that the "gain" for equations
defining the current, AC2, which is charging capacitor C2, is
so high that even with the ,0002 second integration time step
used, very large overshoots in capacitor C2 voltage occur, For
this circumstance the valve ampiifier bias is much too large
which in turn causes the valve voltage to be too high., It is
believed that the second difficulty is obscuring the cause of
the first.

A related similar problem involving excessively high negative
values of current AC4 was recognized prior to testing. Based on
some experimental work accomplished by the Antiskid Engineering
Department of the Goodyear Aerospace Corp., the value of R12, as
shown on Figure A51 in Appendix A, was increased to limit the
value of A%4 to an amount which could be analytically accommo-
dated with a reasonable integration time step. This change in
resistance value was previously mentioned in Section II. It is
evident that a similar change could be implemented with regard
to the excessively high positive values of current AC2.
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The analytical difficulty experienced with the computation
of antiskid control circuit parameter AC2, or any other parameter
within the total system, should be recognized as typical of pro-
blems frequently encountered while attempting to mathematically
analyze antiskid operation. For each instance a decision must be
made to determine how the goals,toward which the analytical ef-
fort 1s directed,can be best accomplished either by implementing
an appropriate simplifying mathematical technique so that a
"brute force" solution is obtained, or by requiring some change
be made to the equipment being evaluated. This decision is
usually influenced by such factors as the analyst's experience,
degree of prior equipment usage, cost of implementing the hard-
ware change, consequence of enduring the problem, and the
relative timing within the aircraft program when the problem is
identified.

The specific analytical problem encountered during this
program, wherein the equations for computing control circuit
parameter AC2 have coefficients which necessitate an extremeiy
small integration time step for obtaining a digital computer
solution, could be resolved by any one of several ways. The
practical significance of this analytical difficulty is that it
indicates that the modulating circuit elements are susceptible
to high frequency disturbances. If the problem is associated
with circumstances where the absence of high frequency dis-
turbance, such as brake squeal, can be assured, che best solution
to the problem is to add a small resistance tc current AC2 flow
path so that its computation does not upset the whole analyszis
For a case where the absence of high frequency di:c hacc - et
be assured it would be prudent to actually modif; :hix ant.si A
circuit to reduce the "gain" on current AC2. For this second
instance, the analytical difficulty is the definition of a ru:al
problem. It can be expected that similar situations regarding
brake torque or hydraulic pressure computations may occur,

For the F-1ll1 type Goodyear modulated aniiskid circuit, the
modulating elements susc<ptibility to high freyuency disturbance
is & very marginal situation in that actual occurrence of any
indication of this effect during aircraft operation is extremely
rare; however, such indication has occasionally occurred. When
the digital computer solution was attempted with a 0.001 second
integration time step, antiskid circuit operation was totally
inhibited by capacitor €2 voltage overshoots. With the ,0002
second time step computer solution, as shown on Figure 26, the
valve signal "noise" during the last few cycles indicates that

O, e K a8
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the same inhibition is about to occur. If such analytical result
had been available at the time this circuit was being formulated,

it is very probable that some suitable corrective action would
have been incorporated.

A significant aspect of the analytical procedures used for
the test data correlation is type of computation equipment which
was utilized, The digital computer solution usging discrete time
step integration will help identify some real incompatibilities
within the brake system. However, the appearances of these
incompatibilities may be exaggerated if the integration time step
is not fairly small. The experience of this program is that, in
general, the necessity for using an integration time step shorter
than .0002 seconds to avcid computation difficulties indicates a
situation where real incompatibility exists.
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SECTION V

FLUIDIC CONTROLLED PNEUMATIC BRAKE
ACTUATION SYSTEM DESIGN STUDY

Research studies have been condiucted at Convair Aerospace
and elsewhere to evaluate the application of fluidic control
elements to aircraft wheel brake antiskid contrel systems. The
results of the studies indicate that there is good potentiai for
achieving more dependable braking system operation if a fluidic
controlled brake actuation system is used instead of the more
conventional hydraulic actuation system. The aveas of primary
improvement are reduced fire hazard and more constant antiskid
control operation over a wide temperature range. For the case
of modern carbon disc brakes which are operated at extremely high
temperature, the fire hazard associated with hydraulic actuation
is particularly significant. As an initial step in the evalua-
tion of a fluidic controlled pneumatic braking system, antiskid
brake control system components which are physically and func-
tionally suitable for airplane usage have been designed. By
having performed such detail design it is possible to establish
the effects, if any, upon the other aircraft systems and com-
ponents which might be required if the fluidic controlled pneu-
matic brake actuation system were installed. Such consideration
is also necessary during the design of the components.

Figure 28 shows a block diagram of a fluidic controlled
pneumatic braking system incorporating a modulated antiskid
feature, For laboratory test evaluation the 3000 psi stored
nitrogen pressure supply would be used., An aircraft installation
might use either a stored nitrogen supply or a high pressure
compressor combined with a smaller storage capacity.

Figure 29 shows a modulator type fluidic wheel speed sensor
unit which is physically interchangeable with the F-111 D.C.
electrical tachometer, The sensor consists of two-proximity
sensors excited by a wheel driven slotted cup. The output of
the sensors, 2 frequency signal, is the input to a freyuency-to-
analog converter module. The converter wheel speed signal is
filtered and amplified to produce a linear analog output signal
that is linearly proportional to wheel speed. The circuit
diagram of the fluidic wheel speed sensor is shown on Figure 30,
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Figure 30 Fluidic Wheel Speed Sensor Schematic/Circuit Diagram 1
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Figure 31 is a schematic showing how a F-~1l1 hydraulic
antiskid valve would be modified for pneumatic actuation by a
pressure signal from a fluidic control circuit. 7To permit
pneunatic actuation the electric linear force motor is replaced
by a pressure bellows type linear force motor. For a limited
evaluation test the hydraulic valve could be used for preumatic
pressure control if proper lubrication provisions are employed.
For sustained pneumatic application the valve spool materials
and perhaps a noninterflow poppet type second stage would be
required; however, such a valve would have the same basic size,
weight and cost as the hydraulic valve,

Since the fluidic control system will operate by relatively
low level pneumatic pressure signals, it 1s necessary that all
the control elements be physically located in close proximity to
each other and the valve be located as close to the brake as is
practical. The exact physical arrangement of the control circuit
elements needs to be tailored to each application. The control
circuit consists of items 2 thru 8 as shown on Figure 28. Item
2 is an operational amplifier providing gain and signal stability
for the wheel speed semnsor input to the lead-lag module. The
lead-lag module, Item 3, is used for differentiating the wheel
speed signal to produce a wheel acceleration signal, Item 4 is
a variable gain operational amplifier for gain and impedance
matching. A multi-input amplifier, identified as Item 5, is used
for summing acceleration and bias circuit signals. The bias
control circuit consists of Items 6, 7 and 8. The pulse shaper
accepts and acceleration input signal and generates an output
pulse ¢f constant amplitude and adjustable time duration whenever
the acceleration reaches a threshold value. The bias input con-
sists of a linear restrictor. Integration is performed by a
delayed (R-C) positive feedback circuit., These fluidic control
circuit elements for one wheel can be packaged in a volume about
two times as great as that for the equivalent electronic circuit
elements -~ a space 3 x 3 x 4 inches, However, for many aircraft
such as the F-111, these fluid elements could be installed inside
the axle in a space not suitable for the electronic circuit
elements or much of anything else.

The cost of a single set of fluidic components for laboratory
evaluation is about four times as great as the production electric
system; however, in comparable quantities the fluidic units would
be approximately the same price and the electric units based on
current catalog prices for fluidic elements. A major advantage
of the fluidic system components is their ability to withstand
intense vibration and high temperature., From this brief design
study it has been concluded that fluidic control of a pneumatic
brake actuation system can be practically accomplished.
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Figure 31 Adaption of an Electrical Antiskid Valve
for Pneumatic Actuation
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APPENDIX A

MATHEMATICAL MODELS

The analysis of antiskid operation is conducted using
a modular approach whereby the problem is divided into
several component parts, each having inputs and outputs
defined so that the outputs from one or more components are
i provided as inputs to other components. By combining all
the analytical components, a composite simultanecus solu-
tion is obtained., This Appendix lists analytical models
formulated to mathematically describe the fcliowing aircraft
components or systems (the computer program subroutine
3 identification is given within parentheses after each item):

1. Brake Assembly
: (Brake System)
i 2. Brake Actuation Hydraulic System
3 (Hydraulic System)
] 3. Vehicle and Wheel Structural Support
s (Airplane System)
4. Wheel and Tire
(Wheel and Tire System)
5. Antiskid Wheel Speed Sensor
(Wheel Speed Sensor)
6. Antiskid Control Circuit
(Antiskid Control Circuit)
7. Antiskid Contrnl Valve
(Antiskid Control Valve)
8. Aerodynamic Control Surface Positioning System
(Horizontal Tail Control)
9. Runway Profile
(Runway System)

4

i ites

These component mathematical models are the same 53 those
initially developed under Air Force Contract F334615-70-C-1014
as descrioed in Report No. AFFDL-TR-70-128 except for cor-
rections or modifications which have been incorporated as a 3
result of analytical refinement conducted durirg this pro-
gram, The analytical components are combined into composice
solutions for three cases: 1. A laboratory inertia dyna-
mometer set-up, 2. An airplane having three degrees of
freedom (i.e., longitudinal and vertical translation and
pitch votation), 3. An airplane having six degrees of
freedom (i.e., longitudinal, vertical and lateral translation
and pitch, roll and yaw rotation). For the case of the

g,
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laboratory dynamometer set~-up, two versions of the composite
solution are provided., The fi.st is the same as that pre-
viously described in Report No. AFFDL-TR-70-128 which
utilizes the same analytical componenis gs the airplane
solutions and the second is a simplified solution combining
all the analytical components with minimal mathematical
complexity and is described in report Section III.

Alternate mathematical models have been formulated for
some of the analytical components. These alternate mathe-
matical models are listed in the applicable sections alpha-
betically and are provided for instances where they are
needed to describe more than one type of equipment which
might be used such as antiskid control circuits, where there
are analytical benefits to be gained by utilizing a less
complex mathematical model for circumstances where a more
complex model is not required, or where modifications are
needed for their proper application within the various
composite solutions.

Format and Convention Usage

The presentation of the analytical component mathematical
models follows a common format insofar as practical. The
section describing each analytical component begins with an
introductory explanation of its function or its characteris-
tics relevant to antiskid operation. Following this intro-
duction is the main body of the discussion under the heading,
"A. Mathematical Description,' containing the derivation
of the equations that describe the system dynamically. This
section is concluded with an equation flow diagram showing
the relationship among the various system equations. A final
discussion follows under the heading, '"B. Parameter
Evaluation," which sets forth methods of determining the
values of the constants appearing in the system equatioms,
The system presentation closes with a "Table of Parameters"
which lists all of the system variables and constants.

The flow diagram which appears at the end of Section A
is provided principally as an aid in the preparation of the
digital computer program which solves the system equations.
This flow diagram could also be used for an analog solution,
The following conventions apply as to the usage of the flow
diagrams: The triangles outside the enclosing phantom line
denote variables which are used as inputs and outputs to
other systems. The numbered rectangles refer to equations
within the system. As an example, in Figure A3 the rectangle
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numbered 9 indicates that 747 is a function of ¢y and £%
and that the equation that gives the exact relationship is
equation 1.9. No constants are shown in these diagrams.
The triangles denoting integrators do not always contain an
equation number, If the input to an integrator is XP and
its output is XP, then the equation is implied., Thus, as
in Figure A64, if the input to an integrator is <4 and the
output is R4 , then the equation .4p¢ =JSR4dt , or
equivantly, ¢ o4 = K4 , 1s implied. Because of the size
of the six degree airplane system, the flow diagram in
Figure A32 is slightly different. Its use is strictly limited
to the digital program generation. It says that all equa-
tions within one block must be written before proceeding to
the next block. Thus, the first variables to be solved for
are Zsy, Zsw, Yoiv , ees, SmL ., After this Fuww, Fen ,
«o» Zg.o are solved for,

After this XﬂXL ’ x.,qm_ s %%, Fan etc.

The "Table of Parameters" is a listing of all variables and
constants found in the equations of that system. Each
variable is identified by its eymbol, description, units,
and "Type." The "Type" is listed a v, v(i), and v(o)
depending on whether the variable is only used within the
system, is received as an input from another system, or is
an output to another system, Each constant is identified
by its symbol, units, description, "type," and value. The
"type" for each constant is always "c¢'" and its value is
that used with the F-111 antiskid system.

Table Al lists the mathematical conventions utilized
throughout this study.

85




il Lt i

Table Al Explanation of Mathemuatical Convention

Convention

Description

X

A dot over a variable denotes
differentiation with respect to time

Computer
Notation

All variables are expressed in a
form to harmonize with Fortran
chavacter utilization, Thus a
variable w,; would appear as WTE
Also, in general, the following
practice is adhered to. If X;r

is a variable, then XTT is its For-
tran form., The symbol for X.. 1is
XTTD. The symbol for X;, is XTTDD,
The initial condition is denoted by
adding O (zero). Thus X;r at time =
0 ic denoted by XTTDO .

Z@o<'x>

The brackets "<, " are used exclu-
sively to denote the position of a
function argument, The script =
is used to denote an arbitrary
variable, The parentheses "( "
are normally used to denote multi-
plication.

| Ver |

Placing a parameter symbol between
two vertical bars denotes the abso-
lute value of the parameter. The
absolute value of a signed number N
is defined as N when N is positive
and as -N when N is negative.

For example: 3! = 3 and |-3] =3,

U3 IR TREP AT
o

max K Xz - X, C,}

The braces preceded by "MIN" or
"MAX" denote the value of the least
(or largest) of the constant or the
parameters enclosed within the
braces,
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Three different total system mathematical models have
been formulated to perform antiskid analysis. The first
model which is referred to as the flywheel system repre-
sents an antiskid system installed on a wheel and brake
which are mounted on a dynamometer, The second system,
referred to as the three degree system, represents an
antiskid system installed on a wheel and brake mounted on
a rigid airplane which is allowed three degrves of freedom
(longitudinal translation down the runway, translation
vertically, and pitch rotation). The third system, referred
to as the six degree system, represents a rigid airplane
having all six degrees of freedom and equipped with a con-
ventional single wheeled main landing gear incorporating
independent antiskid control of each brake. All of these
systems are created utilizing the models described in
Section I1I. The basic reason for utilizing three models
is economics, The six degree system takes at least twice
as long to run as the flywheel system and not all antiskid
system parameters require the sophistication of the six
degree system. However, it might be necessary to check
certain effects under the most comprehensive circuastances.

The "Basic Control System" is made of the following
elements:

1. Brake System

2. Hydraulic System

3. Wheel Speed Sensor

4. Control System

5. Antiskid Control valve

To form the flywheel system, the "Basic Control System'
is combined with the 3a. Airplane System (Flywheel), 4a.
Wheel and Tire System (Flywheel), and the 9a. Runway System,
To form the three degree system, the "Basic Control System"
is combined with the 3b. Airplane System (3 Degree), &4b.
Wheel and Tire System (3 Degree), 8. Horizontal Tail Con-
trol System, and 9a. Runway System, The six dJdegree system
incorporates two separate ''Basic Control Systems' and two
separate 4c. Wheel and Tire Systems, These are combined
with a 3c. Airplane System (6 Degree) which utilizes the
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8. Horizontal Tail Control and 9c. Runway System (6 Degree).
When utilizing the "Basic Cuntrol Systems' with the six
degree system, the variables communicating with the air-
plane model are reidentified to correspond to the right

or left side of the airplane., Thus, Xaxa is Xax in the
right side and XaxL is Xax in the left side.

The high degree of modularity used in this analysis is
desirable for three reasons., The first reason is that it
is easy to combine the component models together to form
different types of overall systems. This is true not only
from modeling considerations but especially from program-
ming aspects. As ar example, the only basic change re-
quired to accommodate a twin or tandem gear would be to
remodel the strut in the airplane system. The second
reason for modularity is the difficulty in being completely
general, Should a compcnent arise which is not described
by the existing models, it is easy to create a new program
for the new model without having to modify the operation
of other systems. Thus, from the programming point of view,
to incorporate a new wheel speed sensor for example, the
new model program can fall back on the existing read, write,
and logic statements of the existing wheel speed model. The
input and cutput variables of the new component model are
automatically incorporated properly into the overall compu-
tational procedure, unless some new variables are defined,
The following flow diagrams show the relationships between
the various elements in the composite solutions,
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1. BRAKE ASSEMBLY

The conventional airplane brake consists of a series of
discs which are alternately stators and rotors. The stators
are restrained from rotating cbout the axle by splines or
keyways. The rotors are similarly connected to the wheel
and hence rotate with the wheel and tire. The brake torque
is produced by axially compressing the disc stack; usually
by hydraulically actuated pistons. Many brakes use return
springs to release the brake stack against the return pres-
sure of the hydraulic system. The smount of dynamic torque
which is produced by the brazke at any instant is the product
of the friction force between the rubbing surfaces and the
radial distance between the friction force and the axis of
wheel rotation. The friction force ia the product of the
normal force between the rubbing surfaces and the friction
coefficient, A more simple mathematical treatment of the
brake is a part of the simplified Antiskid Analysis Procedure.

A. Mathematical Description

In this analysis Xpwill denote the brake piston lin.ar
displacement. The pistons, rotors, and ststors sre treated
as a single mass system in the axial mode ( Xe direction).
The forces acting on the brake mass in the axial mode are:

a. Brake actuation force: equals(brake pressure)x(piston
ares)

b. Force due to axial restraint

¢. Keyway friction force

d. Brake piston seal friction force

e. Brake return spring force

f. Brake piston bottoming force

Figure Al shows the brake system and the forces acting in
the axial mode. Each of the axial forces is established as
follows:

a. Brake Actuation Force

The brake actuation pressure Fs is received as an input
from the hydraulic system. The brake actuation force is
given by Ps Agr , where Age is the total brake piston area.
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b. Force due to Axial Restraint

The axial restraining force reflects the elasticity in the
brake discs, the back plate, and the piston housing and is

a function of their cumulative displacemencs. A way to
derive this characteristic is from a curve of brake volumetric
displacement vs. brake pressure., This characteristic does

not include friction or return spring effects.

T SR T YT

Let Fg denote the force due to axial restraint. And be
defined by

(1.1) Fg= Fa + Fez

" o ook b g

(1.2) Fai = {Cw (Xo-S5a) + D )'(p 1= Xp =53y
0 i Kp <Sa

=

(1.3) Fgz=( Coz(Xp-582) +DseXe 17 Xe 2 Soa
o) Xe <S8z

emiaia b R i
e S i Y

C, Keyway Friction Force

Let the keyway friction characteristic be defined by a
function,QF , as shown in Figure A2 and expressed
mathematically as:

(1.4) QF = (10 EXp " Ves %
Gem + {1=Gem) ;(P/vﬁs e VEs > 5> 0 |
6.0 iIEXp=o0
“Grm f(l'GFm] kF/VFS‘ \F o> iri-VFr
{20 I* -VEs = Xp
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Figure A2 Keyway Friction Characteristic

The brake torque, 7sr,is tranferred to tne wheel and tire
through the rotor keyways. Torque, Ter , is also
transmitted to the axle. The major portion is transmitted
through the stator keyways. The remaining portion of the
torque is transmitted as piston side loading which results
from friction between the pistons and the pressure plate,
Let 100 Hes denote the percentage of brake torque transfer-
red through the stator keyways and let 100 Hez denote the
percentage of torque transferred through the pistons.
Naturally, Ha +Hez=/. The normal force on the
stator keys is thus Ha|Ter| /Rer , while the normal force
on the rotor keys is {Ter| /Rge. The total keyway friction
force is then given by

(1.5)  Fue = [Torl G 4x (Ho/Ro1 + 1/Roe)

d. Brake Piston Seal Force

Let Foc denote the seal frictim force. Then

(1.6) Fur= Ge (Ho#c. + Hare Pa + [Tor| trve HB"’/R”)
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e. Brake Return Spring Force

The piston retura force Fsr 1is given by

(1.7) Fer= Fare + Cax Xr

f. Brake Piston Bottoming Force

In the brake released condition, an axial forc. is
developed between the pistons and housing to balance
return spring preload. This piston bottoming force
is defined as:

(1.8) FBB,{" Ces (X¢-S88) - Dea Xe For Xo< Ses
o ror X¢>Ses
This concludes the discussion of the axial brake forces.

Let Rve be the number of rotors. Let Ws be the
relative angular velocity between the rotors and stators
as received from the wheel and tire system. The brake
torque 7gr is then given by

(1.9) Ter = 2Rux Fg Retls
Where «s 1is:

=) p iF l/g =0
o,
e < iz €+ i ¥ VB<O

Where Vp 1is:
(1.11) Va= Regr Ws

Summing the forces in the axial direction yields:

(1.12) Wee X = Pofler -Fe-Fxe-Fer -For +Fas

In Equation (1.12) Woee is the brake mass which experiences
axial motion. Generally, Wsz is the brake heat sink mass.
Figure A3 shows the relationship of the brake system
equations. Table A2 lists the system parameters.
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B. Parameter Evaluation

Figure A4 shows a plot of brake piston displacement as a
function of brake application pressure for a new brake.
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Figure A4 Brake Pressure Volume Characteristic

Assuming that no frictional effects are
present, Cog and Ca, can be derived as follows:Since the initial
slope is due to spring return force only, then

(1.13) Cpg =(%€) Aee =(%)(|3.3)z = 8850 Ib/in

From the other slope on the curve,

(1.14) Cy, =(a_i,’)A’;,, =(1:?_2_°)[‘|3.3)z—9950= £.20%10° 1b/in
AV .4
For & new brake Cyu,=0.
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Assuming that the discs all move together, since the heat
sink weight 1s 138 LBM, then Wge = 138/386 = .358 LBF
SECZ/IN. The natural frequency is then &, = Y% /m

oR Wn= T(6ez2210%)(.358) = 1315 RAD/Sec

Assuming that 77 = .01 (see page 117),

{(1.15) Der=« DCar - (.0)6.2x105) - 47 /bF sec fm
Wr: (13/5)

It is assumed that xp = 0 when the brake pressure is 100
psi. Thus

(1.16) Fare = Aar Po= (/13.3)(/00) = /320 /bF

Since the brake piston displacement is 1.55 IN3 before the
brake discs come into contact, then Ss/ = 1.55/13.3 = ,1165 in,

Since the F-111 brake has 8 stators with 14 rubbing surfaces,
Hei cannot be greater tnan 1/14. A conservatively high
v;lue of He: =,05 has been assumed and it follows that

ez = .95,

The brake piston seals are equivalent to M528775-219., The
seal friction force is established using the procedures
described in Reference 4. The seal sliding friction force

is a function of rubber compound hardness, amount of in-
stalled compression, length of rubbing surface, seal groove
projected ares and applied hydraulic pressure. For the
MS28775-219 size seal having 10 percent installed compression
and 70 degree Shore A hardness the sliding friction force is
2.88 1bf plus 0.02 1bf per psi applied pressure per seal.
There are 10 pistons in the brake housing; therefore,

(1.17) HOFC = (IO)(ZBB) = 26.8 |b¢

(1.18) Hore = (0){(0.02) = O.20 Ibf/esi

Conservatively high values for the friction coefficients 4,
and «x¢r are estimated as &x = 15 and &«xe = .10. Gpy is
estimeted to be 1,50.

Values for the following brake dimensional characteristics
are then from the appropriate brake component drawings:
RBI = 4,40 IN, RBT - §,25 IN, and RBD = 8,25 IN.
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Observations of braking stops indicate that for an
average F-111 brake Lining,

Ug, = .15
U-ez = .10

©g = .03 SEC/IN
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2, BRAKE ACTUATION HYDRAULIC SYSTEM

The hydraulic system is the brake actuation power source
and is made up of the four components as shown in

Figure A5 : the pilot's metering valve, the antiskid con-
trol valve, cne control line, and the brake piston hcusing.
The pilot's metering valve is a pressure regulator, usually
having a mechanical input, which has a steady state output
pressure (Pmv) at a level coammanded by the pilot (Pcom).
The antiskid valve is a pressure regulator which has a
steady state output as dictated by the antiskid coantrol
device, For a modulated antiskid system, the control valve
is a variable pressure servo type regulator and for an
ON-OFF antiskid system the control valve is an ON-OFF valve.
The control line is simply the fluid transmission line or
contaimment vessel commecting the control valve to the
brake housing, The brake housing is a collection of
cylinders and pistons which act to compress the brake discs.
From a hydraulic system aspect, the control vélve is a
variable area orifice, where the orifice area is a function
of spool position. The control valve spool pogsition is
received 48 an input from computations described in a
section devoted to the operation of the control valve.

In the description of the brake actuwation system, there are
two principal effects which should be accounted for. Th:
first is the time lag which exists between the control valve
output pressure (Pcv) and the actual brake pressure (Pt),
This lag is caused by the fluid's resistance to flow due to
inertia and friction and by the brake pressure's dependence
upon fluid volume within the pressure cavity. The second
effect is the instantaneous brake pressure intensity as
influenced by fluid inertia and the combined elasticity of
the fluid and the pressure cavity. Rapid vaive operation
can cause pressure overshoot and oscillation due to

""water hammer' effects., This overshoot can cause excessive
brake torque and may interfere with proper control valve
operation, The pilot's metering vaive pressure drop and
response characteristics are included in the actuating
system description so that these effects upon antiskid
cperation can be examined. To allow for a variety of brake
actuation systems which might be encountered, provision is
made to accommodate both hydraulic and pneumatic actuation
media, The line connecting the control valve and the brake
can be treated as a separate fluid cavity or the effects of
it volume may be lumped with the brake as would be appro-
priate for a short line.
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Figure A5 Hydraulic System Components
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Figure A6 Hydraulic System Schematic for
Options 1, 2 and 3
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A, Mathematical Description (Options 1, 2 and 3)

Figure A6 18 a schematic of the brake hydraulic system.
The analytical procedures of References 5 and 6 are
utilized to mathematically describe the system.,

Let Pgoy denote the brake pressure which is commanded by
tne pi?ot and define PggM such that it increases from a

ninimum value, Pr, (reservoir pressure) to the desired steady
state value Pop, a8 & linear function of time over an
interval, Tcp, as follows:

(2.1) Pcorﬂ = T (PCP' PR)/TEP ‘HOR. IF oéT'f'F:P
Pee ¢ Tep<T
The metering valve attempts to maintain P, at the level

of Pe The metering valve spool diaplalggment Xvy is
defin(e)g by equations (2.2) and (2.3).

(2.2) VMV = Gmy //Q'm-/amv)

(2.3) xM‘V m.w{O VM.v 1F Smve € Kmv
Vmv 1F Smv < Xy € Smvu
’”“io VMV 1 Xmv € Srve

Let $<X,Y) be a function defined as follows:
(a) For hydraulic fluid
(2.8)  FCXY) = 516N (X-Y) V| x-¥|

(b) For compressible pneumatic fluids
va
(2.5) x>y and XZY/FEcmr WHERE ﬂwr [/(J‘efl)]t a)

:;!‘(X Y) = )([ (ﬁcmr) &/[(Rcmrrj

iF XZY and x % \/Rcarr

Ya-! /?.
geon= xl- (%] /%)
tF Y2X and Y% X_/A’car‘r
gy = ~g<rKY

EY>X and Y2 X/Rcm'
PLX, Y = -ELY, X2
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kf ' Let Ay () be defined by:
: (2.6) Amyixy = {Amvo <2 Shvo
ma_x{AMVL, xAmvo/SMVo} d x< vao

Let Any, and Ay, be defined by:
(2.7) Amvs = Ay € Xpy
(2.8) Amvi = Amy {- xMV)
Then
(2.9) Qs = AI"IVS 95( Ba‘a PMv>
(2.10)Q% = Amve # £ Fuv, T |
Let Viyyy b the fluid volume from the output of the meter-
ing valve up to the input of the control valve.
: Then
‘* (2.11) émv = CBMV/VMVV)(QS -Pe -~ Py 1'OCW)

Let Acv{x) be defined by:

(2.12) Acvéa) = {Acvo b 22 5cvo
max $ Acv, x Pevo/Sevos (4% ¢ Suvo

Let Acvs and Ay, be defined by
(2.13) Acvs = Acv < Xey=Ser)

(2.14) Acve 7 Acy$=SeL - Xev?

Then |
(2.15) Omv = Acvs 8% Py, Pev) q
(2.16) Qeve = Acve B Pev, Peve ?

(2.17) f’cvg = (Beve /chrz)(chz -Qre t1Qcyz )
(2.18) Ghe = Apc @4 Pevr, Po?
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Thue volume of the cavity occupied by the brake actuation
media is established by equation (2.19) as follows:

(2.19) Va = Vso + Ases Xp

Three options for the control line mathematical description
are provided to cover a variety of circumstances which may
be encountered. The third option is representative of a

typical aircraft installation and is used in analyzing thne
F-111 system.

The first option is for a control line with hydraulic fluid
considering volume effects only, This option will not pre-
dict "'water hammer’' but is satisfactory for many cases,

particularly for the case of a short control line 50 inches

or less in length. The following equations describe the
first option:

(2.20a) Qcv = Qmv-Qcvg + Revz

(2.2la) P, = (Be/Va) ( Qcv - Hors Xo)
(2.22a) Pat = Pev

(2.23a) Pa = Psr

(2.24a) Qe Qev

1]

1l

The following equations are applicable to tihe second

option for the control line using compressible pneumatic
fluid,

(2.20b) Qev

va - ch&' "@c ve

(2.21b) Fev (55/‘4} (@cv - Fev HBPS).(P/Be?)
(2.22b) For= Pev
(2.23b) Fs = Pa;z

(2.24b) Qs = Qev

L]
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Figure A7 Eycraulic System Equation Flow Diagram
for Options 1, 2 and 3
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The third option is for a control line with hydraulic fluid
whare both volume and inertial effects are considered and
is described by the following equations;

(2.20¢) Qev = (Asw/fuoSeX By - Fox - DronQlew -Dra @cv'@cv‘)
(2.21¢) P.cr = (3&/142)( Gimy - Reve — Cev f@cvz)

(2.22¢) 1551 = (&A/I@L){QCV‘QJBJ
(2.23¢) Qs = Ao #< Foz, i)

@2.260) 5 = (88/14) Qs - Aorr Xp)

An Option 4 Hydraulic System is described to provide a
simplified mathematical description of the hydraulic system
wiich does not account for metering valve transient spool
movement, For this model the metering valve is assumed to
be full open for hydraulic flow the the brake and fully
closed for hydraulic flow from the brake., Hydraulic flow
direction and amount is established by control valve spool
position as shown schematically in Figure A8. In addition
the brake piston velocity is defined as the brake hydraulic
flow rate divided by the piston area so that the hydraulic
volume is the integral of the flow, Option 4 hydraulic
system mathematical description is developed as follows:

\

PR Fav "‘1 Xcv
m
@ VR = /Pmv .
Ay
(Pfa —_— 1523
.

Figure A8 Option & Hydraulic System Schematic
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Let /. denote the brake pressure which is commanded by the
pilot. Let Awv , metering valve output pressure increase

from 4 minimum value, 2, (reservoir pressure) to the desired

steady state pressure, com , as a linear function of time

over an interval,7c¢p , as follows:

(2.1d) Pmy=7( PCP*PR)/E'P + Pr FoL2T<Tep
= Pce e T>Ter

Let the brake pressure, /5 , be a function of brake fluid
volume as follrws:

(2.2d) 3= P8,+F52

(2.3d) /031 = /051?! + C 8wt f/ﬁ JE O £Va 5‘4&:

= ¢ e V> Vee
pf?l. = /‘0582 ¥ Cb‘;’z V:B 1 Ve < l/g

= 0 ,Foélfgé%,z

Let the control valve flow area For brake application, Aevs ,
be defined as a function of spouol relative position:

(2.5d) ACI/J‘ = Aevse i Xc}fcdo

max gﬂcw_/ Xev Lﬂcy'j‘a‘}/fc’rd.{ e X5 ey

(2.4d)

In a similar way, let the control valve flow area for brake
release, AJcvi, be defined as follows:

2:69) Fepp = Hevio 1F Xey%-Scvo

M {ACVL) Xev (ACVM)/_S}W‘} 1= Rev 2 =Sevy
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Then:

(2.7)  Quv = Aevs 5’( Pm/, 9>
2.8) Qur = A @< Pg, P> =;

Where the function ﬁ‘is as previously defined by equation
(2.4)

(2.99) @87 @mv - Qenr
(2.108) Vg ‘f Qe

i

For compatibility with the other hydraulic system options
as they interface with other systems /

(2.11d)  Pcy = Ps
2.129)  Peve = Pr

Figure A9 shows the Option 4 Hydraulic System Equation
Jlow diagram.

In this study the brake system hydraulic supply pressure,
Pg, is treated as a constant. If Pg varies significantly
due to operation of other aircraft hydraulic system equip-

ment, this variable pressure defined as a function of time
may be used.
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B. Parameter Evaluation

For this study the third optional control line description
as applied to the F-111 is of primary interest. For this
case MIL-H-5606 hydraulic fluid is used. The hydraulic
fluid properties for a mean temperature of 100°F and 1500
psi are:

(1) Adiabatic bulk modulus: B= 248,000 psi

(2) Density: /fwo=.781 x 10°% LBF SEC2/1N*

(3) Kinematic viscosity: 4 .0267 IN2/SEC
The system supply pressure is 3000 psi and the return pres-
sure is 100 psi. Initially, all flows are zero and all
pressures except the supply pressure are at 100 psi. The
pilot's input command pressure P oM is also 100 psi. The
pilot's input Pggy will go from EOO to 1500 psi in 0.2
seconds. Thus Tep = 0.2 sec and Pep = 1500 psi.

Metering Valve

When the metering valve spocl is centered, the flow area
is essentially zero for both the return and supply limes.
In this spool position Xmv = 0.0. From equation (2.3) the
spool is constrained to stay between Smy and Smvu.

For the metering valve, Smve = - ,06 in and Smvv= .06 in,
However, when Xmv is at + ,05, the valve «rea has reached
its maximum for the flow @s. When Xmv = - .05, the area is
maximum for the return flowQn. Thus Smve= ,05, By actual
measurement, with the valve full open (area = Amvo ) at 100°
F, the flow is 9.23 in3/sec. at 200 psiAP. Thus from (2.9)
or (2.10),

(2.25) Awvo = /AP = 9.43 /qu'a_o =.653 wiffec)ib
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In the F-111 system, the metering valve is situated next to
the control valve so that the volume Vuw is quite small.

mv/ was calculated from the valve drawing as being about
1.0 103, Also, the valve body is considered to be much
stiffer than the hydraulic fluid so that the effective bulk
modulus is the fluid modulus. Thus,Bs = 248,000 psi.
Qmv was estimated from analog studies to be about .05.

Control Valve

For the control valve, Xev = 0.0 when the spool is centered.
At this point the flow area is zero so that Acvi= 0,0, The
flow area remains zero for - .005 < Xevs< ,005. Thus the
valve has an overlap of .005 in. and Sec = ,005. An addi-
tional movement of .030 in. procuces full area so0 Sevo = .030,
By actual measurement at this position at 100° F, the flow

is 7.7 in3/sec. at 50 psi A P. Thus

(2.26) Aevo=Q/78F = 27/7’3-"& = 1,040 m‘yuec.)ub&) l

The following values are estimates of the return character-
istics of the control valve: Veve = 2,0 in3, Bevr = 248,000
psi, Are = 1.0 in%/(sec)(1bf)1/2,

Control Line

The control line is 1/4 inch outside diameter steel tubing
having 0.14 inch wall thicknsss and intermal cross sectional
area, As., equal to .0386 in®°. Because of the thin wall,
the tube elasticity greatly reduces the bulk modulus. The
equivalent bulk modulus,le, may be calculated from

Be - B(@@—;

(2.27)
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Where Fluid bulk modulus

E = Young's modulus of tube material

)
]

Mean tube diameter

Tube wall thickness

ng
[

Thus

- 24‘8000 = 2/ Ars
(2.28) By, 2s23109(770) 7, 700

(30x10%(.011)

The control/line length, S,,, is 191 inches with various
types of flow restrictors according to the following table,

Table A3 Control Line Restrictions

Description MRY Yalue™ Number n nk
An815-4J Unicon .54 1 .54
AN832-4J Union .54 1 .54
AN821-4J Elbow (90°) 1.23 A 4.92
AN837-43 Elbow (45°) .89 1 .89
90° Tube Bend .01 12 .12
90° Hose Fitting 1.25 1 1.25
Total 8.26

*Ah= KVZIZg Where V is the velocity in the line.

The "K" values in Table A3 were derived from information
contained in Reference 5.

Equation (2.20c) is the result of summing forces on the

mass of fluid in the control line. The friction losses

are depicted by a turbulent flow loss Dre. @%  and a lami-
nar flow loss Des Qev It is assumed that all the turbu-
lent flow losses come from elbows, etec., which are listed

in Table 3. The loss due to the line itself is considered
to be always laminar. This assumption of laminar flow for
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the line is justified for two reasons: (1) the loss in

the line is small compared to other losses in the system;

(2) the flow is normally laminar anyway (Reynolds Number
i1s less than 6000 for the F-111 system).

For the turbulent losses
(2.29) AP = 0P9Ah
=~ Kpv¥Yz
- (kp/24%) @°

Thus

(2.30) DraL = K
2 (ﬁﬁ;)‘z_

_(B.2eX. 7814107
2 (.0386)*

= .2/6 IbF sec”/in®

For laminar losses, at temperatures normally encountered,
the "oscillatory' friction is higher than the steady state
friction. See Reference 9. The pressure loss can be
written as

(2.31) AP = R (L/A%) &
For the steady state case as shown in Reference 6,
(2.32) Ru=8mpv

In Figure 10 values for this theoretical steady state Ry,
are compared over a range of temperatures to values from
Reference 9 which were experimentally established for
oscillatory flow. Since the hydraulic flow in the brake
control line associated with antiskid operation is transi-
tory, the laminar flow resistance base on experimental
measurements for oscillatory flow is used.
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Figure Al0 Hydraulic Fluid Damping Characteristic

From Figure Al0at 100°F K.for the experimental oscillatory
case is 1,5 X 1074, LBF SEC/INZ

Therefore:

(2.33) DreL= eL!(SBL! = (/..foo-4)(/7I)

(Ae ) (.0386)°

e /9.22 [bF sec /tn*

When a 'lumped parameter” type analysis as described by
equations (2.20c), (2.21lc) and (2.22c) is used for the con-
trol line the resulting natural frequency is somewhat lower
than the actual line, if the actual line volume,b@u , 18
used. The value of Va: is adjusted as follows to achieve
the correct natural frejuency for the '"lumped parameter"
description,
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Consrider hydraulic fluid flowing through a line with cross
sect:ional area, A, and divided into segments having equal
length, S5, as shown below.

2 o)
| i

S 4@, l —- @y ! ~q,¥

DU— e F—

If each segment is treated as a separate pressure vessel
having volume, V, with a flow in and a flow out, and if

equations of the form of (2.20c) (2.21c) and (2.22c) are
written for these pressure vessels, neglecting friction,
the fcllowing expressions are obtained:

(2.38)  Qp = (A/pSHP-P:)
(2.35) P = (BWVNQR. -@2)

(2.30) 5, - (BN Qz-@))

By substituting equations (2.35) and (2.36) iato equation
(2.34) differentiated once with respect to time the fol-
lowing differential equation is formed:

(2.3 & = (Aps)BN) [ (Q-Q:)-(Q-@5)
or
(2.38) Qo+ 2(ABpSV) Qr = [ ABJpSY)(Ri+@;)

Equation (2.38) establishes that the natural frequency of
each line segment is:

)

2.39 .\ qZ7E
( ) Fn ir |55v ers

However, vibration theory considering distributed mass and
elasticity establishes the speed of sound, C, in the line
as:

(2.40) C = B//!ﬂ m/.fec
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For cfundamental mode oscillation in a closed end tube having
length, S, the natural period,Tc, is:

(2.41) T. = zs/c SEC

Therefore, the natural frequency, ,g, , of an actual tube
segment 1s:

(2.42) gn=/Tc = (f/.zs) Y8/, ces

By equating the two expressions for natural frequency,
equations (2,39} and (2.42), the volume of the line segment
which will have the same natural frequency as the actual
is established as:

(2.43) V= 248/7" 3
Thus, !

(2.44) Vag,='__r»§___ HorSe. = (A).038LX191) = /455 w7
z ﬂ"e

P xS

ek i e il i

Brake Housing

The brake housing has ten pistons of 1.33 inZ area each.
Since the number of pistons serviced by one control line
is five, then Agps= 5(1.33) = 6.65 in<,

The fluid volume in the brake_housing with the pistgns
bottomed (Xp=0) 1is 8.00 in3, Thus Vao = 4.00 in3 or one-
half the total volume. The orifice ccefficient Agzs was
estimated to be about 2.0 /v */sec /b5 %2,

Optional Systems

The option 1 system neglects the line inertial effects. The
parameters have the same value as the corresponding parameters
for the option 3 system, escept that Ve should include any
line volume. Thus, for the F-111 system, with the option 1
system, Vec = 400 + .0386 (/9/) = /.76 7

The option 2 description is used for systems with compressible
pneumatic fluid, The appropriate parameters will be evaluated
for nitrogen at 100°F as the fluid media and isothermal
processes are assumed except for orifice flow calculations.
While the heat transfer characteristics of the brake

system components have not been rigorously evaluated, the
usual component installation is such that assuming isothermal
processes 1s valid. The mathematical description of the brake
actuation control system using compressible pneumatic fluid

1s written using equations of the same general form as for
those describing the hydraulic system, thereby minimizing the
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the number of equations and enhancing computation flexibility.
Utilizing the hydraulic equations when pneumatic fluid is used
requires that the appropriate parameters be expressed in suit-
able mathematically equivalent terms., Consider the character-
istic equation of state for a perfect gas:

(2.45) P= MRT
Y]

And thc definition:

dP _ 3P dm 3P Jv _ of dT
(2.48) J7= Smae "3v IE TaT dt

For the assumed isothermal process, substitution of
equation (2.45) into equation (2.46) gives:

(2.47) b:(g),;. -(33_")_m v
v vV
For those cases, such as for the metering valve and control

valve pressure cavities, where the volume is not changing,
Y 18 zero and equation (2.47) reduces to:

(2.48) ¢ (g\;t) m

For hydraulic fluid,f’ 1s described by equations having the
form of equation (2.49) below. (See equation (2.11) for
instance.)

2.49)  p- (e

Noting the similarity between equation (2.48) and equation
(2.49) it is obvious that if RT is used in place of 8 and
if m is used in place of ®, the "Hydraulic' equations csa
be used for computing performance of a system using pneu-
matic fluid. Thus, Bz = Beve = Bmv = RT. 0

For nitrogen R = 662.4 i~ IbF/1bm°F and at 100 F

RT = (662.4) (460 + 100) =371 x 106 /v 1bF /jbm.

Since P/RT = M/V, equation (2.47) can be written as

2,50) P =(RT\(m /L v]
(2:30F (Bf")[ {RT)
Equation (2,21b) is obtained by substituting Bs for RT,

Ases Xp for V , and @ for M in equation (2.50), thereby

accounting for the change in brake volume caused by piston
movement.

Equation (2.51) below, from Reference 6, describes the mass
filow rate of a gas from a container having high pressure,
fv , through an orifice of area,f,, to a container having
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low pressure, P. .

2.51) = (c.;ana zac,

)]/ 7-?:31’_'L

Equation (2.52) below, from Reference 6, describes the
volumetric flow rate of hydraulic fluid through an orifice
under similar circumstances,

(2.52) Q= CoAo (7/2%)‘]//%—&

Both equations (2.51) and (2.52) can be written in the form
Q= Ae ¢ Pu, B where $<{#, A) 1is a flow function as
defined by equations (2.4) and (2.5) for the appropriate
circumstances and where A-1s a flow coefficient accounting
for orifice and fluid properties, For the case of hydraulic
fluids a value of Co /2 Z2/p = /035 m//éF “rec has been
established by experience as being representative of an
average orifice (i.e., Co= 0.65). The metering valve flow
coefficient, Amvo , previously computed is 0,653 /.rec /6F ”’-
therefore, the apparent actual orifice area, Ao , for the
metering valve is A, =0.653//03.5 = . &/x 1072 s .

For the case of the pneumatic system with nitrogen at 100 °F
as the working fluid and using Cp= 2300 in lbf/1bm? F, and
R = 662.4 in 1bf/1bm °F:

(2.53) v = Coh. 726‘6‘;:
d 7

(_._8)(.«23!:(;0‘2) /z)uf;)(&fa—a)-
662.4 Séo0
= 0 ¢73%10°7 b :n"/lbf see

Using the same procedure establishes that:

n

1

Acve = 0. 7/6 x10°7 1bm m‘/ Ibf see
Agc = 0.658x107 lbm mVﬁbF_rec

Table A4 1lists the parameters for Hydraulic System Options
1, 2 and 3. The parameiers which apply for the Option &
Hydraulic System are listed in Table AS.
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3 3a VEHICLE AND WHEEL STRUCTURAL SUPPORT (FLYWHEEL)

3 Figure All shows the model for the airplane system as it
might be simulated with a dynamometer flywheel set-up. The
mass Ws 1s supported by the tire and is determined by the
3 percentage of the airplane weight carried on one main gear.
3 The mass Wsir represents some part of the airplane structure
which could vibrate in sympathy with certain ground discon-
: tinuities such as wing mounted fuel tanks or armament. The
3 fcrces Fio and Fsa. act on Ws because of gravity and
aerodynamic 1ift, respectively.

A, Mathematical Description

b i ks Sl i ol ey

The shock strut stroke 1s denoted by Zss .
This stroke is determed by Z and Zwas.

(38.1) Zsm=ZFZwm-L +Smae
(38.2) Zsm =Z-WM-'2
The shock strut force Fym 15 given by =quation (3s.3)

(32.3) Fum= Fums<Zsm) *Dvm Zm ""/4Vm<z.5‘m>2_fmlf.:m}
+ Dvme Gm < 250

T L o e e

Where Gm<X> = +10 FoR X>0
= 0 For X= O
s ~ 4.0 ForR X<O

Let Zso and Zs0e denote the height and slope of the ground
(or flywheel surface). Let Sm denote the tire deflection.
Then S5m and S» are determined by

(3a.4) Sm = max 2 0.0 4 Zeo X&) ~Lwm F ROT}
(32.5) Sm = Zeor < Xep Ve 'Z.WM

The force f-wm acting vertically upward on the tire is then
given by

(32.6) Fum= Sm (CMT + Dmr ‘S:M)
129




Ll ol

Clliat s b R o

AT S

LTS

Wi

War

+Z§

figure &

Flywheel System Model

130

W URPTR I I Fi S Sy I Y 1)




I %
3 Summing forces in the vertical direction on the unsprung 3
%] mass W, , there follows: )
) e ?

(32.7) Wuv Zuwm = Fam ~ E/M + F:ORV g

; Where Forv 1s the tire unbaslance force.
E For the mass W,, , summing forces vertically gives:

(32.8) War Zaz = Far
(38.9) l'_p.g = CAg[Z -ZAR) + DAg(é - Z.Ag)

The aerodynamic 1ift and drag forces F, and F,, are
defined as follows: §

2
(3&.10) FAL = CAL VF

2

(3a.11) Fap = Cap V¢

The equation which determines Z is given as 3

(32.12) (Wa-Wip)Z = Fom +FaL - Fio - Far

The equation for the flywheel velocity is given by

el

0019 War Vi = Foy - B <2 i

Where Fr, is a force equivalent to engine thrust and War
is the airplane mass. The aircraft's longitudinal dis-
placement is established by

(3a.14) X;:= S\/;dt +X]:o

ol ok e e

The equation flow diagram for the ajirplane system
{flywheel) is shown on Figure Al2,
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B. Parameter Evaluation

Shock Strut Characteristics

Figures Al3 and Al4 show the main gear lcad and damping
characteristics for one gear.

i ! 1 I ] I == ——
HERRE el oL b 2
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Stroke Z,,(in)
Figure Al3 Main Gear Damping Curve

Stroke Zsm(in)
Figure Al4 Main Gear Air Lcad Curve
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A Vertical Tire Characteristics

In equation (3a.6) it has been assumed that the tire loading
characteristic is given by an equation of the form

(3a.15) F = S(c+D3)

Fitae hagss i At L
E LT W R,

Let the following terms be defined for a tire:
Fr = Rated load
Pr = Rated pressure
Sq = Rated deflectiun

1f P is the actual prescure, then obviously the tire spring
rate, C , is

(3a.16) C=/P\/Fe
E ) Se
From reference 1 (Equation 132) the damping force, Fp, , b
* is established as:

(3.1) o —(7_2_C_) s
(7

It is assumed that the damping force is related to the
undamped natural frequency at rated conditions. The un-
damped natural frequency, &/ , is established as:

<TK = w[FrG _
(3a.18) w ]’; 3;_;_; _7/_%

Where G = 386 IN/SECZ. Also from Equations 137 and 138 of ]
Reference 1:

(3.19) 7~ 27 /[1+(p/R)]

Where ?,e = O,

The main landing gear shcck strut linear damping coefficient, :
Ovw, 18 set equal to zero for the example problem. ‘

The unsprung mass, Wwv, experiencing vertical motiom is
6.44 1bm. Thus, Wi = (644)/386 = 1.667 1bf secZ/in. |
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i

As previously assumed in Equation (3a.15), Fo=50S$
Equating the two expressions for Fy at rated deflection

LA AR B AR

(3a.20) mMC - SaD
w
Or

(3a.21) D= WC . 7 ﬁ_)?/_{g_
W SR Z._S‘Z')_?- (P.c G

For the 47 x 18 - 18 26 ply rating F-111 main tire,
P=fi = 150 psi

Fa = 38,100 1, and S = 4.00 IN.

Thus

(38.22) Cmr= (—&’—:-)(S-ﬁf-) ={C§?))£f;;0) _ 7530 Ibt /w

(3a.23) DMT’(%\(%{%)}’QI
_-(;-f__’ae)) %(180;00 7/3%20_ = 2424 IbF sec/mw? ’

Aircraft Characteristics

For the example problem, an airplane weight of 57,000 1lb,
is used. The static vertical load on one main gear is
25,200 1bs. so that

(3a.24) Wag = 235, ZOO/G = 65,0 |bf .recym.

For a velocity of Vr =2400 IN/SEC and a representative
tire-to~runway braking coefficient of ,45 at the main wheel,
the tire load is 21,400 lbs, Thus FiLp = 21,400 1b,

The total aircraft mass is Wnr=57000/6 = /47.8 !bF._rec'/ﬂV.

ke el Sl ot
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The mass Whe is used to simulate some airplane resonant
effect, For Zllustrative purpgses, it is assumed that

Wag = 1000 LBM = 2.59 LBF SEC “/IN and has a natural

frequency of 12 cps. Therefore, since cw = 2m{12) = 75.4 rad/sec
and k= mew?,

(32.25) Cap = w®Wpap = (75.4)%(2.59) = 14,720 lb/in

Using 3 percent critical damping gives

——

{o3)2 -JCAQ_WRR- =
(.03 2 (14720X(2.59) = 11.72 Ib sec/in

(3&. 26) sz

: The initial conditions are calculated for equilibrium,
At time = 0, let X, = 0 so that Zgp{Xg» =0

since Z¢p<0'> is dlways 0. Let Vep = 1200 IN/SEC and
assume that Cap = Cap = 0

From equation (3a.6),

(38.27) Srn = Fupy /Crar = 26000 /9530 = 2.73 in ?
From equation (3a.4),

(33.28) Zumo = (O-273+27. 72Y=20.59w
From figure Al4 when Fyps = 26070 lb. ,
Zgm = 23.98 in and from equation {3a.l),

(32.29) Zo= Zwme ~Zsm +Smg =20.57~23.98183.41 = 80.0 iw.

el e A, el et T

Also Zaes = %o = 80.0 0.

For the example problem the effects of aerodynamic
forces are not included in the flywheel simulation;
therefore, Csr = 0,0 and Ca = 0.0,

The unsprung mass moving vertically, Wwv , is the
same as Wsw described in the Section 4a Wheel and
Tire System (Flywheel) fgr horizontal motion, There-~
fore, Wwv = 1,60 1bf sec®/in.

vttt ol ian, ™ s

The average engine idle thrust is 1000 1bf.
Therefore, Frv = 1000 1bf. 1
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3b., VEHICLE AND WHEEL STRUCTURAL SUPPORT (3 DEGREE
AIRPLANE SYSTEM)

The three degree airplane system is built around a rigid
body airplane which is allowed to move vertically, hori-
zontally (parallel to the runway centerline), and rota-
tionally in the pitch mode, This model provides for the
jnteraction of the anti-skid system with those effects
which are related to airplane pitch. This includes such
pitch effects as change in the aerodynamic 1ift, drag, and
moment due to change in wing angle of attack, change in
the aerodynamic lift, drag, and moment due to changes in
elevator deflaction as dictated by the stability augmenta-
tion system (pitch mode), change in tire loading due to
braking pitch moment, and the effect of ground slope and
roughness as reacted through both the main and nose gears,

A. Mathematical Description

Figure Al5 shows the three coordinates which describe

the airplane position relative to reference points cn the
earth's surface.

Figure Al5 Airplane Coordinates
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Figure Al6 shows the gear extended dimensions as mea-

sured in the airplane's water line-fuselage station refer-
ence system,
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=t

R

|

PR

s A

Figure Al6 Airplane Geometry

Let Zso{x) denote the runway profile height and let Zgpp<x>
denote the runway profile slope.

Nose Gear

Let £g, and 'z:is,,, denote the nose strut stroke and stroke
velocity, From Figure Al7 , Zg,, and Zg, are given by

(3b.1) B ® ZwntSuww ~ & - Suu Q@

(36.2) Zeo® Zup ~Z - Sn Q
The nose gear shock strut force is then given by

(3b.3) Fun =FoneCZeu? Dy ésu tApadZeoy) ésw J is;:'
Fun, the normal ground force at the nose gear is given by

(3b.4) Fauu = Oy (Cur+ Doy Su)
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where S, is the nose tire deflection. S,, and éu are given
by:

"

(3b.5) S,; = max i ©.0, ZoolXwn? tRery = Z-WN}
Zéop<an> S(wu - Zwu

Summing vertical forces on the nose wheel,

E' (3b.7) Wwy '.Z.-wu = Fow - Fun

(3b.6) Sy

(3b.8) Fop = Upgaw Fun

Main Gear .1
E Let Zsp., and ésm denote the main gear strcke and stroke 2
i velocity:
'f (3b.9) Lo = Zwm"z +S\m\"" Sum@
! (36.10) Eepy = Zwm =& + SrmQ

The main gear shock strut force is given by:

(3b.11) FVM = FV..qs <ZSM>+DVM Z‘SM +Aym<£w>ésmlésm'
+ Ovme Gm {Z'.'S'm>

Let 5w denote the main gear tire deflection., Then the
tire normal force is given by:
(36.12) Fin = S (Capr + Dot Son)
(3b,13) Sy = max 3 0.0y BenlXax) ¥Rotm ~Zwm
(3b.14) Sp = Zepe<X axd> Xax - Z

Summing vertical forces on the main wheel, where Fogy is
the vertical component of the tire unbalance force,

(3b.15) WWM Lwm = FMM - FVM ¥ FGE\/
Figure A18 shows the model of the main gear. With the
assumption that the gear weight is much less than the air-
plane weight (that is,w,<<W,), it follows that:

(3b.16) Wy Siu ée = fu Seu ~ Fo(SeutZe) —Tg

142




sotweudq sueidaty [IV 2andypg

- - ¥ L
MM
_ I__:___._x_.
||1I|I.l:|..||:|.|:||l|lL
ot ...._uu_ 2 ll%lllll... mi_h‘\..
AHHHHHI k u.Cm |
ay; -— % r.ﬂlrulllfllllfﬁ.

) wajy - o |

s

143




=
(=

Figure Al8 Main Strut Model
where Z., is determined by:
(3b.17) ZeL = SGL_ tom
Fou cen then be computed by summing moments about the CG,
(3b.18) Fpy = (Fo Zei + Ts )/ Seu
where
(36.19) Fuu = Seu (Cu (R -86) + Dy (Q -6,))
T, and F. are outputs from the tire and wheel system, The
horizontal axle reference location is denoted by Xpx. Xax
is given by:
X =~ Sum + (Seu* 2oL ) 66
X+ (Seut 2o ) s

(3b,20) Xay

i

(3b.21) Xax
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Thrust

Referring to Figures Al6 and A17 , if {7, is the thrust,
then

(3b.22) FTHV s FTH (‘"TH""Q)
(3b.23) Ty = Stu Fru

Aerodynamics

The dynamic Air Force (3, 1is given by:
(3b.26) Qa = X*Ager Run /208.0
The aerodynamic 1lift, drag, and moment are then given by:
(3b.25) FaL = CaQn
(3b.26) Fap = Cap @a
(3b.27) Tam = Cam@a

If oy denotes the wing angle of attack relative to the air,
then:

(3b.28) xw = o + { 180/T){(Q -é/i)

Let Syt denote the horizontal tail deflection. Then the
aerodynamic coefficients are given by:

(3b.29) CaL = GaL + BaL=w + €ay Sur
(3b.30) Cap = Gao t Babww + Eap Sur
(3b.31) Cam = Gam + Bametu * E jpm St

Dynamics
Referring to Figure Al7

(3b.32) W‘\é = FAL.+ FTHV._WHG +1va+ F\(N
(3b.33) WA‘X = FTH —F'AD +2FDUL'-2FU. - FDN

(3b.34) W‘I,QC\) = FwSun " 2F0nSum 12 FD..{ Svma * Tru
+ TAM -2 FU_(S(,K *Svmu.) - Fou (E ‘ZGD/\XWQ
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: where

(35.35) Xwn = Xt Suy * S Q

| (3b.36) Xun= X + SvQ

Figure Al9 shows the system flow diagram.

B. PARAMETER EVALUATION _,

Shock Strut Characteristics

Flgures A20 and A2l show the nose gear load and
damping characteristics,

&1 T 1T T — 1 77
i . )
] 7 . ' ' . i ‘ ?
‘ 1
‘;\ 4
: £
' N5
3 [§]
u h
| " ;
P 1
b “-.’ :
' ¢ 3 '
<
' 2
: ]
5 i
f
2 0
o] 2 4 (A ) 2] 12
E Stroke Zg,, (in)

Figure A20 Nose Gear Damping Curve

Nose Tire Characteristics

See also page 135 of the flywheel system. The 22 x 6,6-10
16-ply rating nose tire has a rating of 9150 1lbs, at 190
psi. The a flection is 1,50 inches. The operating pres-
sure is 190 psi. Since these are two nose tires,

(3b.37) Cur = (f_) o = (1_3;9_)(2)19;50) = 12,200 lb/in
P2/ Sa 150/ (1.50)
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10

F\;NS Clb x

Stroke Zg,,(tn)
Figure A2l Nose Gear Air Load Curve
Since = 0.1,

(3b.38) Cur = % Fe _E_)‘/Qa
zs—p_?— ( Fe) ¥6

= (L(2)(s15¢) wo) L5C = 50,6 lbsee
(1,50)* {0 386

in &

The nose tire rolling resistance coefficient is Uppy =
.020 and the unsprung nose tire mass (mass of tires, wheels,
axlg, and lower shock strut) is Wyy = 175/386 = ,453 LBF
SEC”/IN. The nose tire undeflected radius,Rerwv, is 10.8 in.

Main Tire Characteristics

The main tire undeflected radius, Ro‘m, is 23.32 inches.

The other main tire characteristics are computed as shown
on page 134,
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Main Gear Characteristics

oot p i e

The F~111 main gear spring rate parameters were camputed
from load-deflection data recorded during structural
testing and correlated with data from jig drop tests and
from flight tests.

E Figure A22 shows the model which has the same form as that

k described in equations (3b.16) through (3b.21) and in the
wheel and tire system, The rotational spring rate of one
main gear about its pivot is 2¢x 10 in lb/vad.

The remaining values are calculated (at static position) as:

Seu = 21,0 in

Wy = 279 lbm = ,723 b sec?/in
Wow = Wwu = 644 lbm = /667 16F sac*/in

Ce = 200,000 \b/n

T

(3b.39)

Thus from figure 22 , (, is given by
2
(3b¢40) Cu_ = Cu(_uﬂ-) /SGU = 26X lC.b/SLIl = 59)000 \b/.'.'l

The first mode natural frequency of the model is 21.84 cps.
Assuming that % 1is .054 (about 37 critical), then evalua-
: ting the damping at w = (2m)(21849) = V32§ rad/sec

! there follows:

(3b.41) D, = % Co = (054X 200,00¢) = 78.b lbsec j
! w (137.5) in a
-& = Co = (LOSS 5 00 = 23.2 Ib sec 1
: (3b.42) Du 7](:)_0 AES RS =2 i
| Ao

Seu

Wy

% c“ e |
i
Ze Wew N

6 hnnta £ J
6T ‘" ; *

Figure A22 Main Gear Strut and Wheel Model 1
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Aerodynamic Data

For finding the aerodynamic data, the F-11lA is landing
r_ with flaps at 34%, wings swept to 26°, and spoilers ap-
: plied. oAn equilibrium airplane condition of %, = 2° and
Suy =75 1s assumed, For these conditions,

(3b.43)C =03 0. = .28 deg' 30 = .022
ao‘w d‘% ')SHT da?

(3b.446)Cp=.258 3Co = ,00040s" 3Cp = 0036 deg’
9 SSnT

(3b.45)Cmp= 0:00  3Cmp = 025 ctar}' 9Cma =~,0352 dayy”
HAw QSHY

The aerodynamic reference point is F.S, 526.8, WL 197.2,

Then if C = 108.5 inches is the length of the M,A.C., then
CmC at the airplane C.G. is given by:

Assuming the airplane C.G. at F.S. 519,0, WL 180.0, if ]

AX and Ay are given by:

i (3b.46) bx = FSA ~FSCG = 526.8-519.0 = 7.8 Inches {
(3b.47) Y = WLA - WILG = 197,72~ 1800 = 17,2 inches 1

3

E (3b.48) CuC =CmaC ~Ciax+Chay
(0.0)(108.5) ~ (0.13X7.6) + (. 258X 172 ) =3£:2¢ snches

Also,

Ié

(3b.49) HmC = Cenl - 3C ax + 3o Ay
R D oW de St
(-~025)0108.5) - C129)(7.8) + (0.0)U12.2) = ~.371

it

(3b.50) 3lmé = CwC - L. ax +3Cp by
dSar ASnr oSur SSnT

(-.0352)(108.5) - (.022)(7.8) -(.003¢)(17.2) = -3.75%

ft

Thus from equations (3b.29), (3b.30), and (3b.31), ;
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(3b.51) (Car = C_ = 0,13
BaL =(3CL/3°(W) = .28 d.n,cgl

EaL =(3C/9Snr) = 022 dog™

Cap = Cp = . 258
(3b.52) |Bro =(3Co/dotw) = 0.0 dosy’
Enp = (3Cp/35nr) = -.0036 day’’

Cam = CmC = 3424 m
Bam = (dCmi/ doty) = _.37lbn/m%
Eam =(3CmC/ASnuT )= ~3.789 i/ deg

(3b.53)

(3b.54)

GaL = CaL— Barxw = Eac Skt
= .03 ~(120)(2) - (622 )}(-5.¢) = -.016

(3b.55)
G'hD = CAD" BF\D Ay EAD SHI“
=,258 - (0,0){2) - (-,0036)(-5) = ,240
(3b.56)
Gam = Cam - Bametw - Eam Snr

2.42% -(-,37:)(2) = (~,3959)(-6) = 2.286 IN

n

Initial Conditions

Assume that at time = 0.0 seconds the alrplane velocity 1is
2400 in/sec = Xo, The airplane 1s shown in Figure 23
with brakes off,

[ o
/L’_/n + ——SHM ——
I
_._._..-—""
l Tam LJ}GH
| o T
Hsr =
W
| ) g
}_ Fri P Z.}.PM Fiews
] FH'H 3 FMH

Figure 423 Alrplane Initial Equilibrium Forces
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Assume thatow = 3° and S,z = -50, then from equations
(3b,29) (3b.30) and (3b,31), there follows:

(3b.57) CaL = (-.010) + (L128)(3) + (,022)(-5) = 0,222
(3b.58) Cam= 12.280) + (=,370)(3) +(-3.759)(-5) = 19,973

Since Sunw = 258,9,9um = 32.6 inches, Ty,, = 20,000 in/lb.,
and if the estimated value for Hyy is 97,2 inches, then

(3b.59) Fum = (( Tria + Tam ) F(Sauw = Horpn ) {WaG - FaL))l
(Swu +S HM) + Hor (}Jm-yn) 2

Now from equations (3b,24), (3b,25), and (3b.26),
(3b.60) Qp = (2400)°(525)(,00239) /288 = 25000 ln
(3b.61) FaL = (,222)(25000) = 5500 b
(3b.62) Tam = (19.973)(25000) = 99,200 inlb

Thus,

(3b.63) Fum = 1 ((5:9 200) + (257)(57000 - 5500))
2 (295.1) + (97.2)(0)

So
(3b,64) F'mv\ = 22588 b
and

W,‘G -Fﬁ\_ -"2FNM
57000 - 5500 -2 (22992) = 5524 ib

(3b,65) Fun

it

Assume that when time = 0 that Xwm= 020 inches, then
Zeo<Xaum?= 0.0. Then Xwn = 295.1 inches so that Zgpl{Xwn)
= (9.676-9.703)12 = -,32 inches. Refer to the runway sys-
tem for values of Z;p. From equation (3b,12):

(3b.66) S,, =(22988)/(9530) = 241 in

Thus from equation (3b,13)
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-.xy:m‘kg

(35.67) Zwmpo = 23.32 2,41 = 20.91 in

From Figure Al4 in the flywheel system, if Fyms = 22,950
lbs, then Zs, = 24,00 inches, Now, from equation (3b.4)

(35.68) S, =(5524)/012,200) = .46 in
From equation (3b,5), there follows:
(35.69) Zwno = (=.32) +( 10,80) -(.46) = 16.02 in

Also, from Figure 21,if F, s = 5,600 lbs, then: Zg = 5in

Rearranging equaticns (3b,1) and (3b.9)
(36.70) Z,+ Sy Qo = Syw + Zwuo ~ Zsw
(3b,71) Zo - SumBs = Sym + Zwmo ~ Lsm

Solving these two equations,

(3b.72) Q, = .0229 BRDIANS

(36.73) Lo = 82.36L in

Finally,
(36.74) Xo = Xwmo ¥ Sum = 36.20 in
(36.75) B0 = B = .0329 Rapiavs

The values of the following parameters as listed in Table A7
are established by the airplane's dimensional and mass
characteristics: oo, X¢w, Arer, Sec, Sum, Snn, Sum, Suw, SGu,
Stu , Wa, Wra, and SVMu

For the example problem the density of air at standard
conditions, sea level and 59. 6° F, is assumed. Thus,
Rwa = . 00238 S/vgs / Fr3

The shock strut linear damping coefficients, [lvn for the
nose gear and Dym for the main gear, are set equal to
zero for the example problem.
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3¢, AIRPLANE SYSTEM (6 DEGREE)

1 The six~degree airplane syster is built around a rigid

1 body airplane which is allowed to move vertically and
horizontally (both parallel and perpendicular to the run-
way centerline)., Also, the airplame's yaw, pitch, and roll
effects are considered, This model considers all the ef-
1 fects found in the three-degree airpiane system., The pur-
s pose of the six-degree airplane is primarily two-fold: the
i first is to evaluate the effects of the anti-skid system

' on the airplane's directional stability; the second is to
evaluate any anti-skid system degradation caused by air-
plane yaw and side drift movement,

3
1
1
3

For the nose gear, the model conniders the tire and strut
characteristics in the vertical ditection, Also, the nose 3
f tire's yawed rooling characteristics are included, The :
' steering loop is closed by providing a "pilot" function
which provides an input to the nose tire, The "pilot"

, function depends on the airplane's yaw angle. The two

3 main gears are treated as two distinct systems except for
i any structural coupling which may exist between the two,
Provisions are made for side wind perturbation and for

3 aerodynamic effects caused by airplane yaw and roll,

i A, Mathematical Description 3

Figure A24 shows the six coordinates which describe the air-

plane position relative to reference points on the earth's
surface,

»
>

=2
- -

\
=3 ‘s .

. Q
iyl [ /4

X - ] [ .

o

* N

- N

Figure A24 Airplane Coordinates
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Vywy 18 a crosswind, The runway is oriented so that its
centerline coincides with the x axis for 0 inch runway
heights (Z¢;, = 0). This analysis assumes that the pitch
(Q) and roll (P) angles are small, Let Z,,{(x,y>denote the
runway profile and let Z,,,<{x,y>denote the runway slope

(Zeop<X,¥) = 3Zep { X,¥2/3Xx). Figure A25 shows the airplane
as measured in the fuselage station-water line reference
system,

Nose Gear

Let Z;, and i,u denote the nose gear stroke and stroke
velocity. Then we have that:

(3c.1) .ZSN = ZWN + SVN - Z - SHNQ
(3c.2) E‘-.'ru.; * 2wm C .E - SHNO\
The nose gear shock strut force F,, 1s then given by:

(3¢.3) Fon = Frnsed Zan) * Do Zons * A Zan) Zsn | Zan |

€.,

{:: —- ¢ = ¥ = e

Figure A 25 Airplane Geoumetry
loV




Figures A26, A27 and A28 show the forces acting on the
airplane as seen in the different planes, Let F_, denote
the lateral force on the nose wheel at the axle, Then:

(3c.4) Wwn \'\;u = Fons - fin

Where Fg¢ns is the lateral component of the sliding or cor-
nering force of the nose tire, The load F,,, is caused by
the nose wheel trying to move laterally relative to the
airplane, If this lateral displacement is denoted by Y, .,
then:

Cuin Yous + Diny Youn
(30.6) YBLN YN-Y + ( Z "'SHNQ)P - SHNR

(3¢c.7) s"m.m: )}N—$,+ (E‘*‘SHMQ).P + (é“'SHNQ)p'SHNQ

(3c- 5) FLN

Now F,,, is given by:
(3¢.8) Fun = Sw (Cur*+ DurSy)

where
(3¢.9) Sy = max {o.o, isb<an,y~> + Rorn - Zwu}
(3¢.10)5 = ZeppS Xum s Vo) X = Z v

Summing vertical forces on the nose gear unsprung weight:
(3¢.11) Wen Eun = Fans - Funs

Assume that the pilot positions the nose wheel with a rate
proportional to the airplane yaw angle. Thus:

(3c.12) éu = min{o, - Gpp R it By = Cumax
~Gpr, R i3 1601 < [Bumax |
maxio) "GPILE o} elu < 'eNMRK

On gives the yaw angle of the nose wheel with respect to
the airplane¢ . The yaw angle of the tire with respect to
its direction of motion is given by6y.w.

(3¢.13) 8,,,, = 6+ R —(9u/>-<wm)

lol
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The steering characteristic is developed from Reference 1
(p. 30). Let U,y be the coefficient of rfriction between 1
the nose tire and the ground. Then the maximum force nor- :
mal to the tire in the plane of the ground is F,,r where:

IS T TR TR SR R T R IRR Y O ey

(3c.14) Fyre = Unre Fan

sk

: Using equation (79) and 80) from Reference 1 :

(3c.15) Uer = ; Puc Bvaw / Fure if Fare >0 3
o 3 Furre €0 —
(3c.16) Fucrs = Fare i¥ Uegr = 1.5
| Fare (Usr - 4 UEr/27) i lUerl< 15 |
k = Enre i$ Upr £ ~1.5 |
E Thus, F.crs corresponds to Fy,r.e in Reference 1 and Pwc

is the cornering power given by:

et

(3C.17) ch = ;CPISN = szg: if SN £ SPI
Cez =~ Cos Suy it Sw 2 S
The actual normal cornering force Fy.. is not Fy.s , but

lags Fy.es because of the tire relaxation length., The ex-
pression for F. is given by:

(3¢.18) Fyyer = ( Fuces - Fuc=}< xwu/gvm.)
Having obtained F,.. , then from Figure A29,

] (3°-19) Fsus = F-JCF wﬂ-(@m"‘ R) = up_gm FNN m<®~ "‘R>

(3¢.20) Fop = Frep wire SONFRY + Upgy Fran cov (OTRY

Fons

B”"‘E I

Figure A29 Nose Tire Cornering Force
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Main Gear
Let Zg. and 25H denote the stroke and stroke velocity.
The additional subscripts L and R refer to the left and
right side of the dirplane (looking forward).
(30-21) Z5MQ = ZWMR. - 2 + SVM + SHMQ + SGW p
(3c.22) é—SMP__ = 2wmm -Z +S5umQR + st#
(3c.23) ZSMI_ = Fwme ~ Z +SVM + SumQ - SewP
(3c.24) Zome = Zuw = Z * SumQ - SewP
The main gear shock strut forces are then given by:
(3¢.25) Fue = FVM5< Zsmg> *‘DVH Zome A Esme) Zsmzlz-smnl
(3("0 26) f.T»‘Ml_ = FVM.S(ZSML) +DVM 2Sf"‘ll..-" AVM< ZSML> ZSMLI Z.SHL.]
Let S., denote the main gear tire deflection and let F,,,
be the associated load, Thus, in the vertical direction,
the relation between the load and tire deflection is given
as follows:
(3¢.27) Fime = Sme (Crar * Dyr Span. )
(3C-28)FMML = SML (CMT' t DMTSML J
max { O, ZG°< mell ,YMR> r ReTM - ZWMZ}
ZGDP<Xka,yMR> ><WM!?: - ZWME
(30.31)5,.“_ = ma.x.{o) ZGD< XWML)VML> +EGTM “ZWML.}

(3c.32)5m_ = Z&DP<XWML,YML> me_ - 2wrvn.

(3¢.29)Smn

11

W

(3¢.30)Sme

Summing forces in the vertical direction on the main gear
wheels,

(3c.33) Wam Zwmie = Fume ~ Fume + Ferve
(3c.34) an.?-z-wm. = Fume = Feme + Fomve

Figure A30 shows a side view of the left hand main gear.
With the assumption that W,<< W,, ©;r and Qg are des-
cribed by:
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(30.35)Wu Siuéc,g = Ssu Fug + (Sou"' ZGLR)(F;L- FTR- FGR) -TSE
(3(:.36)\&/.,,52;,,@&1_ = SeuFuL + (Seut ZGLL)( Fre = Fro- F;:.) - Tse
where

(3¢.37) Zee = SeL— Lemr

(3¢.38) ZeLL = S~ Zemu
The forces Frp and F_ are used to impart the correct mo-
ment into the gear.
! i
-_.'FE’UI. f
' eﬁ'ﬂm_ Seu
F
UL G
zﬁLL
EL’/
Fre Fev Fro [
= — — ———t g
et Xaxe ‘E 1
Figure A30 Side View of the Main Gear Strut %

The overall gear system model is shown in Figure A31. 1In i
order to transmit torque properly, the forces Fype and

Frie are applied equal and opposite on different sides of 1
the gear. Thus,

(30-39) Free = Fer (st - SGS)/Z Ses
(3¢.40) Frie = For (Sew ~ Ses )/ 2Ses
If it is assumed that 100 H, percent of this torque is

taken directly into the airplane, then 100 Hg = 100-100 H,
percent is transmitted through the gear, Thus,

(3c.41) Fig = He Free
(3C-£¥2) F_TL. - HG- FTLQ
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All spring loads

z .
W,
positive in tension “, g2t —Iﬂm
SouOer

. -t ..
lm Foe Wu Fer f—- : ( Sew
. p— “,) AAAN ~

i = —j i
} g ! Sos
ol i \
1] ‘I I {
s -
*

| '
b W, ‘
J i w |7 W S ——.

‘) = i ﬁ

Frg =s— —aFrL _!
SGHBM. ew“ _..F:'Lﬂ
- -——.____\h‘ xi.
/ r/_\ \

S 1 ‘\
\ Seu
& : '
= } Zowe,torr
+ . £Re i
TL '_T-—!:i/ Fan, L G
GEE:G:—_— XE.._.XL-"'_

Figure A31 Main Gear Model
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Let Qg and @, be the difference between the gear rotation
and the airplane rotation. That is,

(3¢.43) Qe = O - Br
(3c.44) Q. = Q - B,
(3¢.45) Qe = @ ~ oz
(3c.46) QL = Q ~ Gac

Then we can find constants Cu; , Cyz , Py, , and Dy, such
that:

(3¢.47) For = Seu( Cu Qa‘cuzQz.) *'Sc,u(Dwélz - Duzdu)
(3c.48) FoL = Sew (Cuy QL-Cu2Q 2] +Seu CDu]éL'— Du,zép.)

It then follows, assuming negligible strut moment of in-
ertia that:

(3.49) Fpoe = (Fee+Frp =Fr) Z0t Tie )/ Seu
(3¢.50) Foue = (FeLr Fru- Fre) Zew * Tse )/ Seu

As outputs to the tire and wheel systems we need to com-
pute X x and Y,x. X,, is shown in Figure 30. Y.« is as-
sumed to be the undeflected tire footprint position in the
y direction,

(3€.51) Xoxe = X * ScwR + SumuQ +Seut 2o )Ber = Sum
(3¢452) Xaxe = X = SewR *+ SumuQ +(Seu* Zora)Ocr — Sum
(3¢.53) Xaxe = X + SawR + Sumu@+ (Seut Zere YL
(3.56) Saxn= X - SewR + SumuQ + (Seut Zo1r )06

(3€:55) Yaxe= Y =Sew = (S =SvmuQ ~ (Seu + 2oL )BeL ) R
- (Svmu.+ Ssu. + ZGLL) B

(3¢.56) Yaxe® ¥ +Sew= (Sum-SumuQ ~ (Seu + Zere )sr IR
- (Sumu * Sew + Bore) P

(30.57) S'Am_: S’ - (SHM _.SVMMQ-(86H+ ZG.I.L)GGL)é
+( SumuQ +{SeutZe )8 )R
- (Svmu t Seu + ZeuL ) P
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(3(!.58) yAxn = )./ - (snm ‘SymuQ - (Scu +:£‘I.R)eag) E
+ (SVM.,LQ + (SautZere )esn.) B
- (svwm +55|4_+ EGL!)P

' Engine Thrust

Referring to Figures A26 and A27, if Fy, is the engine
thrust, then

(3c.59) Frny = Fym (otrm +Q)

(3¢.60) Try = Sen Fra

(3c.61) Fns = Fru R

I Aerodynamics

The following eight equations apply as in the three-
degree model,

(3¢.62) Qp = X% A per Run/ 288

(3¢.63) Far = CarQa

(3c,64) Fap = CapQa

: (3¢.65) Tam = CamQa

(3c.66) «tw = oo + Cigo/m)(Q = 2/X)

(3{2.67) CF\L.: GAL + Bm_o(w + Em_su-r

(3¢.68) Cap = Gap + Bapotw + Eap Sur
(3c.69) Cam = Gam + Bamuw t EptaSur 1

lLet Vyy denote the wind gust velocity as shown in Figure A24
If ¥ and 3 are defined by:

s dar i

: (3¢.70) ¥ = (Vi + Y/ X
\ (3c.71) B2 = (1so/m)(¥-R)

Then /3 is the angle of sideslip,
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Let Qar denote the dynamic air pressure (including side
wind) multiplied by the reference area. Then:

(3¢.72) Qar = ((Vyy t Y35+ X%) Ager Run/ 288
Then the aerodynamic yaw moment is given by:
(3¢.73) Tav = Can /3 Qur
and the aerodynamic side force is given by:
(3¢.74) Fasy = Cay B Qur

Finally, an aerodynamic force Fp, due to a combination of
lift and pitch is:

(3c.75) Fyg_ = FaL P
Refer to Figure A27 as to the direction of these forces,

Dynamics

Referring to Figures A26 and A27, summing forces in the x,
y, and z direction,

(30.76) WAE = F;\L-.- FrHV_WAG + F\lf-Mg + F\(ML.*FVN

(3c.77) Wa X

Fru = Fap + Foup + Fou, — Fur - Fur. — Fon

Fres = Fsre = Fsyu * Fou + Fasi - Fasy

1l

(3c.78) W, ¥
Summing moments about the C.G. we have:

(3c.79) W:Qé = Fon Shn — Fume Sim = FumuSim 1 Pz Smu
+ FourSvmu *+ Trn + Tam = Fur (Sew + Sypuu)
~ Fu {Seu "'Svmu.) - Fon (E ‘26D<XWM>J

(3c.80) Wro_ié = FiuSan +Ses (Fue - Fu ¥ Fouc - oug ) tTay
+ 2Ha (Fres - Frie ) Ses

(3c.81) Wrp i’) = (F-VML..—RMZJSGW + Fasy Hap
-(z- an<xgy>)(F:st*‘FsrL + Fiu)

X + Sy +SWQ
X+ Sy Q

(30.82) XWN

(3¢.83) Xy
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B. Parameter Evaluation

Nose Gear Characteristics

Based on a nose gear lateral natural frequency of 12 cps,
we have wn = 2w(12) = 75,5 RAD/SEC. Since Wy, = .435, then:

(3c.84) Cin = Wiy Wk = .435 (75.5)% = 2480 Ib/in

Using 7 = .054 as in the calculation of Dy in the three-
degree model,

(3¢.85) Dy = % Cuy/wn = (.054)(2480)/75.5 = 1.78 b ses/in

The steering or cornering characteristic parameters are

obtained from Reference 1., Based on Figure44(a) in Refer-
ence 1, the value for Uyr. is:

(3c.86) U'MTF = Flp)rje(max)/F‘a = 2?5000/452007' .553

Using equation 82 from Reference 1, if K= (F+44R)w? = J
(1.44) (190) (6.6)2 = 11,920 1b. then:

(3¢.87) Crr = 1.2 CeK/d = (1.2(57)(11320) /22 =370 lb/Rak 1n.
(3¢.88)Coz = 8.6C K/d*= (80(57)(1129) [i22)~ 12353 I JRad in*
(3c'89)CP33, 0674-C¢K = (_-0674)(;7)(_“‘?434‘} = 4f7¢4‘ lb/Rﬂod

(3¢-90)Cpg . 3¢-Cek/d= ((34)(s7)11426) /22 = 10800 14 /Radin
(3¢.91)Sp; = .0875d = (o8ys)(22) = 1,925 in

From Figure 43 in Reference 1 we see that the cornering

force lags the yaw angle. Equation 63 in Reference 1
shows that the equation which describes the curves in
Figure 43 is given by:

-x/
(3C.92) Fy'r = (- ez L") R,r m1x<ew~w>

where Ly is the tire yawed rolling relaxation length,
Differenciating this equation, there follows:

(3C.93) C’_E;,r- = _-_,_L/L‘A Fy,rmas<e’vnw>

o x Ly
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-x/
Eliminating e * results in:

(3c.94) Fv,r + Ly QLEFL: = F;,rma.x<ew\w>
x

Equation (3c.18) is obtained by using:

- (3¢.95) dFr = dFyr/dx = Fucr

3 dx dt dt X

Fl where it ic assumed for large airplane velocities that

3 Xwy = dx/dt. We see that the parameter S,,, 1is the relax-
ation length, From Figure 39 of Reference 1, for most
conditions, S,,_ is obtained from:

E (3¢.96) SveL= 6w (2.8 —.8 P/Pn)
= (e)(t.6)(28-8)= 7.92 n

Main Gear Characteristics

For many airplanes which have a conventional strut arrange-
ment (similar to a B-58) mcst of the moment about the shock
strut ¢ 1is taken out through the shock strut. In this
case equations (3c.41l) and (3c.42) would use Hg = 0.0.

Tn the case of the F-11l1 gear the opposite result occurs so
that Hg= 1,0 and H, = 0.0. . The following values apply to 1
the F-111 gear: i

Wy = -723 tb sec®/in
Wivm = Wwy = L6667 b sect/in
Seu = 21.00 1n

(3C.97) Sew 000 n
Ses = 2000 in
He, = 1,0
l' HA = 0,0 j

I1f loads Fpt) = F@&) = F. are applied as shown in
figure 31 , then because of symmetry, the result will be
that Qe =@, . But then equation (3c.47) says that
Cw=Cuz = Fur/Seu@ but Cu= Fue/SeuQg

as shown in the 3 degree model. Thus

(3¢.98) Cui-Cyz =Cu = 59000 lb/in

— i e

=Y
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With the maingear at static, if a drag load of 18,000 1b.
is applied to the left gear at the ground and -18,000 1b.
is applied to the right gear at the ground the observed
deflections with Q = 0 are @, = ,0236 rad and Qp = -.0236
vad, (Assuming a lateral beam torsional spring rate of

43.0%10° inlb/rad ).

In the equations which describe the gear loadiag Tsz and
Ts. can be chosen as 0 if 7, and 7., . are the dimensions
to the ground instead of the axle. Thus Zu.. = Zoy, = Zoe=
2.2 + 12,9 = 21.4 in. Equatioms (3c.35), (3c.36), (3c.39),
(3¢.40), (3c.4l) and (3¢.42) can then be combined to give

(3.99) Foe =L, =(Ssu+zc.u)(&z - Fc,..)(u + Hg (ékw.u_o_&))

GLL SGS
= (21.04—21.4)(—3&,000) a+(eo—zo) = -212,000 b
210 20

Subtracting equation (3c.48) from (3.47) results in
(3¢.100) Fun - For = (Cu, +Cuz)%6uQr = (Cur# Cuz)SeuQ.
So that

(3c. 101) cl.u + Cuz = =212000 = 2|4-,OOO |b/in
(2)(21.0)(~.0236)

Adding and subtracting equations (3c.98) and (3¢.101)
results in

(3¢.102) Cwi = 55000 +214000 = 36,500 b/in
2

1

(3c.103) Cy; = 219,000 ~ 55000
2

77,500 lb/in

At a fore and aft natural frequency of 137.5 rad/:cc,
the damping coefficients D,, and D,, are given as

(3¢.104) Du, = % Cui /w = (.056)(1.36x18) = 53.4 Ib sec/in
(137.5)

(3¢.105) Dy, = 7Cua/w = Cos4)(.775x10%) = 30,5 b sec/in
(137.5)

ot it et i 2, il
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Aerodynamic Characteristics

- The coefficients for equations (3c.62) thru (3c.69) bave
E been derived in the 3 degree model. For the F~111A in the
- landing configuration and wings swept to 26 degrees as des-
cribed in the 3 degree system, Cys = .0014 and C,5 = -.021.
; Then the coefficient Cay, 18 calculated from

(3(:.106) CAY = "Cyﬁ = ,02) deé'
1 Let A X = FSA - FSCG as in the 3 degree system where

FSA = 526.8 and FSCG = 519.0. Let b be the wing span.
If » = 756 in., then

(3¢.107) Cay = bCnhp ~ AX Cyp
(3¢.108) Can = (75¢)(.0014) - (7.80)(~.021) = 1222 i/ dag

e ik e el b -~

Airplane Characteristics

The parameters listed in Table A8 describing the airplane's 1
dimensional and mass characteristics are those previously
derived in the 3 degree model or simply a listing of the
appropriate values applicable to the F-111 for which no
derivation or computation is required.

e el
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4a, WHEEL AND TIRE SYSTEM (FLYWHEEL)

Figure A shows the components of the wheel and tire system,

Tread

Wheel

Stators Brake
o Rotors

Xt

Flywheel Axle
\\
o X

Figure A33 Components of the Wheel and Tire System

|
|

In the vertical, or Z direction, the axle, brake, wheel, {
tire, and lower shock strut are combined and operate as a i
single mass point, A description of this mode is found in |
the airplane system, The airplane system furnishes various

inputs to the tire and wheel: Vg the airplane (flywheel i
surface) velocity;Fum , the vertical load between the tire

and ~ ivement;5., , the tire deflection, The brake torque

Tgr 8 an input from the brake system.

The horizontal displacement of two mass poiunts is con-
sidered, One mass point is made up of the axle, brake,
wheel, and the inner part of the tire and Lts location is
designated asX,,. The other mass point is the tire tread
and its location is designated as Xrv.

In rotation, there are three mass points: the axle and
stationary brake elements make up the first; the brake
rotors, wheel, and inner tire make up the second; and the
tire tread makes up the third, The angular positions of
these three mass points are denoted respectively as ©s,
©w,and 6;. Let Fe be the horizontal force acting on the
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axle and let Frr be the net horizontal force between the
wheel and tire tread, Figure A34 shows the location of
these forces, Fsr 18 the horizontal force between the tire
and the flywheel surface,

Tread

.
h.r-/

Figure A34 Tire Horizontal Model

A, Mathematical Description
Equations describing the tire and wheel behavior are de-
veloped by referring to Figure A34, Forces Fs and Fyr

are defined by equations (4a.l), (4a.2), and (4a.3) as
follows:

(4a,1) Fo = ~Cow Xw — Den Xo
(4a.2) Frr= Crr(Xer=Xy) * Epr(Xpr -X,,)fDm(irr-iw)
(48.3) Drr(Xy - X)) = Err (Xrr = Xy)

Equations (4a.2) and (4a.3) describe a type 2 spring-

damper system as defined by Figure A3% and discussed in
the parameter evaluation,
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Let Wz denote the mass of the axle, wheel, brake and inner
part of the tire., Let W,z denote the appropriate tire
tread mass, Summing forces in the horizontal direction

gives:
(4a.b) Wew Xw = Fo + Frr
(4a.5) Wre XTT = - Frr - FBT ¥ ;':nu

Where F,,,, is a force produced by tire unbalaace, the cor-
responding vertical part of this unbalance force is de-
noted byFsev . These two forces are given in equations
(4a.6) and (4a.7).

(42.6) Fopp = Ryo W7 wain(Br)
(4a.7) Fec. = Rees W:— c.m.,<e1->

Wr and ©+ are the rotational speed and position ot the tire
tread.

The rotational schematic of the wheel and tire system is
shown in Figure A35 .

Tread
Wheel + Rotors

Axle + Stators

e,
2
8, /fig
Ts

K

Taa Ter

= Far

Figure A35 Tire Rotational Model

Let Tgr and Tg be defined by equations (4a.8), (4a.9), and
(4a,10) as follows:

(4a.8) T&I" = CRT(ew"er) + Egr (ew‘ey) + DRy (e'ﬂ"é'l')
(4309) Dnr(éy‘ é-r) = Eg-r (Qw"e}.)
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(4a.10) Ty = Cpg6g + Dpg 65
Let Hy be the height of the axle above the ground. Let

Tee Y€ the torque on the tire that produces rolling resist-
ance. These two quantities are given by:

(4a.11) Hy = Rer-Sm

(4a.12) Tpe = Sm( Dse + Dyg Wr) if Wr>o
o if W-r =0
SM (-DSR+DVRWT) if ‘V\JT<O

If Tay is the brake torque, then torques can be summed to
obtain the following three equations:

(4a.13) WisGg = Tar - Ts
- Ter = Tor
(4&-15) WITéT = HT F‘B-r +T2T _TEE

(ba.14) Wi, B,

]

The rolling radius of the tire is obtained using the
methods of Reference 1, Denoting the rolling radius as
Ky, it is defined as:

(4&.16) QT = EOT = 'I§ SM - ugg ( x-rr = Xw)

Let Vpg denote the velocity of the tire footpriat cela-
tive to the flywheel surface withwy = 0, let V; bhe the
relative velocity including Wy,

(62.17) Ves = Ve + Xor
(4a.18) Y = Ves - Rrwr

Here Vi is the velocity of the flywheel surfece, Adopti-ag
the convention Wy -=61- ; Wg = 6‘; and W, = e,,, the
relative angular velocity between the stators and rotors
is denoted bv wa and is established by:

(4a.19) Wa = Wy, -

When a tire is moving over a runway with any appreciable
amount of standing water or slush, a hydrodynamic '‘wedge"
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of water starts separating the tread and runway surface,

It is assumed that the length of this ''wedge' is propor-
tional to Vo: and at hydroplaning speed, Vuy , the tread
is completely separated from the runway. In equations
(4a.20) and (4a.20) the coefficients Cuy and Dwy are used
to define hydroplaning effects and water drag on the wheel,
For dry runway conditions, Cwvy and Dy are zero, The hori-
zontal force between the tire tread footprint and the run-
way surface is established by equations (4a.20), (4a.2l),
and (4a.22) as follows:

{4a.20) Fame = ﬁua(“‘cﬂv(vﬁs/vhv)z)
Fume Ur + Dy Vtzes

U + ( Wra - ETVQs) é e af VQ> Vko
§ Lt v Cltre ~Exvs) €T Y5 VR s voo>¥es-vio

-ty Ul -Er VRs) @ "V'Q £ VR < Vo

I

(4a,21i) Fgr
oV

i

(4a.22) Usr

Figure A36 1is an equation flow diagrim showing the re-
laticn between equations (4a,l) througn (4a.22),

B. Parameter Evaluation

Gear Characteristics

The mass W.w 1is made up of the mass of half the shock strut,
half the lateral beam, the axle, the wheel, the hrakes,

and all vut sue-third of the tire tread, The sum of the
masses of these components totals 616 LBM, Thus, Wew =
616/386 = 1.60 b sect/in . The fore and aft natural f~--
quency of the gear (as calculated from deflection data, s
Z1.84¢ps = |37.5 rad/s2c , Using the gear mass, with all .
tiie tire included (644 LBM), the spring rate Cencan be
calculated as:

(4a.23) Con® mawn ta4+)(|37s) = 31,500 Ib/in
38&:

A typical approach to estimate the damping coefficient
is to use 3% critical. Thus,

(48.26) Dew= (03) 29 mCs ~(00 (et ) 1500 = 138 lhsec
B
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Tire Tread Characteriestics

The principle underlying the calculation of the tire frie-
tion coefficient is that compared to the rest of the tire,
the tire "footprint" is totally inelastic, (The tire "foot~
print" is that portion of the tire tread which is in con-
tact with the ground), Thus, if the velocity of the foot~
print and the friction vs., velocity curve for the rubber-
surface interface are defined, the tire friction coeffi-
cient is established. In order to predict the motion of

the footprint, the tire tread is assumed to behave like an

inelastic ring which is supported on the wheel as shown in
Fi.g'ure A37 .

Inelastic ring

Torsional springs Translational springs

Wheel

= A“ b)

(@)

Figure A37 Tire Tread Model
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The horizontal position of the footprint is assumed to be
the same as the horizontal position of the ring center of
gravity, A frictional force F; applied at the ground can
be resolved into a translational force F = F, acting at

the ring C.G., plus a moment M = F,*H acting about the ring
C.G,

For an actual tire with distributed mass and elasticity ap-

proxinately one-third of the tire would move with the foot~

print in response to force, Fu, Therefore, it is assumed

for translation the mass of the raing,Ww;c , is one-third of

the tire tread mass, which is 84 LBM. Thus, Wre = (84)/3x
386) = 0,0725 LBF SEC-/IN,

For rotation the total tire tread mass is assumed to move
in response to moment, M, Thus, the mopent of inertia 9
about its csnter of gravity is wypy = MRS = (84/386) (237) =
115 LBF SEC®/IN.

References 1 (page 22) and 10 (Figure 8) are used to obtain
values for the torsional and translational spring rates

as shown in Figure A37, Under the application of the force
Fus the peripheral movement at point (b) is about 207 of the
peripheral movement at point (a) in Figure A37, The ex-
pression for the footprint spring rate from Reference 1 is:

(42.25) Kx = .6d (P+ 4Py) ¥ So/d

Where for the F-111 with a vertical tire load of 25,000 ib,

d = 46,65 in, = Tire diameter

P = 150 psi = Tire operating pressure

Pr = 150 psi = Tire rated pressure

So = 2,75 in, = Operating (static) deflection

Thus,

(43.26) Ky = (.0)(46.65)(5)(150) 3{2.75/41..@5 = BI5D /b /im

The application of F, = 8150 1b. causes the footprint to
move one inch, At point b, the movement is ,2 inches,
Assuming that the movement at point b is all due to rota-
tion, the apparent torsional spring rate is:

(4a.27) Cgy = (d) HF, _ (2232} 2257)8150)

-— — ey E | ‘
2] (2) &3 /7. 5%00% 1w 2ae/ma0
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Since .8 inches of the 1.0 inch footprint motion is due to
tread C.G. fore and aft translation, the apparent spring
rate is:

(4a.28) Crr = F, = 8150 = 10,200 lb/in

B .8
Pt L L
g 23k
c ;
Fiz) ——o= ;;
K |~
= 1’\/\/\/\/\_—_—7..—::1
7
— r—"f
AA A A 1 i
h —¢ Ve
Fee) —= i
K L~

Figure A38 Tire Damping Models

It is well publicized and generally accepted that the
elastic and damping characteristics of tires and other
structural devices are not accurately described by the
mathematically convenient linear spring-viscous damper
representation over a wide frequency range. The behavior
of rubber-like materials is particiiiarly different than
that described by the conventionil model., To establish
suitable mathematical descriptions of the various damping
forces for tires and other eiements of this study, several
models were explored, Figure A38 depicts the two types of
elastic systems which are used, The Type 1 model is a
conventional system with viscous damping and Type 2 is a
visco-elastic system, having elasticity and damping which
varies with frequency. To compare the two, consider the
effects of driving each with a variable force F(t) = Fo
coecwt , In each case, the resultant deflection is

x = %o cO{WT - 9)

The loss coefficient, B, is defined by B =lony . For a
conveational system (Type 1 with ¢ and k constant), the
loss coefficient which is a measure of the damping is
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given by:
(4a.29) 3 = cw/k

Reference 1 assumes that ¢ is of the form ¢ =2 k/s where
% and k are constant, From this:

(4a.30) 13 = %

Reference 8 seems to indicate (p. 55) that the loss co-
efficient for tire tread rubber is some.shere between the
above two values.

For the Type 2 system, shown in Figure
constant, the loss coefficient is given by:

(42,31) 3 = ("*,‘;‘-’)/ (‘ ¥ (c‘('”) (' " :/)

To resresent a tire, the values (¢/'.) = 1,56 x 10° -3 sec., and
(n/k; = 0,520, were used to compute values of 3 for a

ranf,e of frequencies, /3 versus w is shown in Figure A39

for both Type 1 and Type 2 models, along with values of 3
taken from References 1 and 8, The value from Reference 1
is shown constant at all frequencies because the value is
not identified with any frequency, The above values of
(c/k) and (n/k) were chosen because they gave B values in
best agreement with authoritative data.

Figure A39 shows both Type 1 and Type 2 models have rela~
tively poor correlation with both data sources. Reference
8 indicates # is highly dependent upon temperature and tire
rubber ccmpounc as might be expected, During damping model
exploration, both Type 1 and Type 2 systems were examined
dynamically on an analog computer, It was found that dif-
ferences in their behavicr were observable; huwever, since
the damping forces are relatively small compared to the
other forces, this difference was small, Either model is
equally satisfactory for evaluating anti-skid operation.,
The Type 2 system is used for the tire because it is in
closer agreement with recorded observations. The peak in
the B3 versus frequency curve for the Type 2 system is in
keeping with most of the contour plots for rubber-like
materials as shown in Reference 7 and 8.
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The tire elastic and damping coefficlents are:

t

(4a.32) Der = (1.56%163) Crr = 1%.9 lb sec/in
ETT’ = («52) Crf = 5300 lb/in

Der = (Lsexig3) Cpr = 20,400 inlb sec/rad
Eor = (.82)Car = 10.15%15% inlb/vad

' 1 l f,

: G- cwfic (7rae 1))

4 \ - .II’ .-

3 0.2 + g e B 1

: . Recl =y |oo---- - ] -

3 e /’ K

8 L ’ N

a o /’ 7 G (fer 1) I

: p | s

] 5] Rt RRREEEELE it el wiieietel ittty Paint Reindied A thbedadnted petadide '

990.1 /,’ e ‘\\

) & ’/ 11’ ( / ) >

] eid ,’, A = [(Cw/k ~

3 © /,,.r /’,r /g /*(%‘-J)z(’*'l?) r\-..\_‘

" . - J Ptoas 7vesl o

: 0 tala L I

; 10 20 50 100 200 500 1000 2000 5000
' Frequency = rad/sec

] Figure A39 Model Loss Factors

: The equation (4a.16) for the rolling radius Ry is a re-

; statement of equation (76 b) of Reference 1. To allow for
circumferential decay length other than those equal to the
outside free tire radius, a coefficient Upy is provided.
For this study Upp is set equal to 1.0,

Axle Parameters

The observed torsional natural frequency of the axle (with
brake stators) is 125 cps., The calculated value for

its moment of inertia is 16.8 LBF SEC/IN. Thus, the
torsional spring rate,Cps , is established as:

(42.33) Cgs = (27125)%(16.2) = 10.4%10°% inlb/rad

For the steel axle, a value for » (in the 1,pe 1 system in
Figure 38 )is probably something less than .0l (Reference
7). Thus, at resonance, if cw/k = 7%, then the damping co-
efiicient 1is esteblished as:

(4a.34) Dpg = k7z/00 = (104%10°)(.01)/(amr)125) = 132 Inlbeec/md
19¢




Tire Rolling Resistance

From Figure 17a of Reference 2, the rolling resistance co-~
efficient, vy is given by apr = ,012 + 1 x 10™v where v is
the axle speed in INCHES/SEC, Thus,

(4a.35) Tep = pr Fre Rr = Coiz + ‘*‘55\/) Far Rr
Or alternstely, = (.012 + |flo'sér Rr .  <Fen/8)$)Ry

Since FRre/§ =Cwr, the rolling resistance coefficients are
established as:

(62.36) Dgp = .012 Crar Ry = (012)(9530)(20.. 7} = 23501k
(4a.37) Dyg = 'x15 Crat l?rz = (5530%10 X 20.57) = 40.3 lbsec

Figure A40 shows the friction coefficient for a tire slid-
ing (i.e. full skid) on a dry concrete runway as a func-
tion of velocity. This data is taken from Reference 3 and
is applicable to a typical runway contaminated with rubber
deposits from previous airplane operations. Table A9
below lists the appropriate coefficients f.. equation
(4a,.22) which apply for dry and wet runway surface condi-
tions,

Table A9 Runway Friction Characteristics

SYMEOL UNITS WET DRY
CONCRETE | CONCRETE

Un | eee-- .050 .200

Urz ———-- 180 _, 450 _

Er SEC/ IN .065 x 10_3 | .065 x 10 3!

« SEC/IN 1,0 x 10 2,5 x 16

Initial Conditions

All initial conditions, except wheel and tire rotational
speed, will be set to zero, From the airplane system at
time = 0, V¢ = 2400 and Sm = 2,245, Using equation
(4a,16) results in:

(48.38) Ry = Ror ~55m= 23.32 -3 (2.245) = 22,67 tn

In order that Y, be zero, equations (4a.18) and (4a.19)
show that:
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é 4h.  WHEEL AND TIRE SYSTEM (3 DEGREE)

Figure A4l shows the components of the wheel and tire
system. The wheel and tire system

(6)

AN

. N N Shock Strut
| 174

E Tread

Lower , Wheel

1 Shock Strut Stators

Rotors Brake

b
3
p
.
E
K,
E

Axle

xax' xw

Figure A41 Couponents of the Wheel and Tire System

for the 3 degree airplane system is essentially the same as
for the flywheel model. 'The Airplane System still furn-
ishes the tire deflection Sy and the tire verticel load ]
Fna . The ground speed, however, is no longer furnished by 1
the Airplane Syscem, but is found by summing forces on the '
tire, wheel, brake, and ax"e mass. The horizontal force

exerted on the axle by the airplane is calculated by obtain-

ing the tranmslational (X,,) and rotational (9@) gear

positions from the Airplane System.
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Shock Strut . Xow—
i e xrr_
“— Forn
Tread C.G.
Wheel and Braike C.G.
— Far
Ground
Ref

Figure A42 Tire Horizontal Model

Referring to Figure A42 equation (4a.l) in the flywheel
system changes to

(4b.1) Fg = CG(XM'XW) +De(kmx“5<w)

fquavions (4b.2) through (4b.9) are listed for come
pleteness, although they are thc same as (4a.2) through
(4a.9).

(4b.2) F‘r‘r = C’T’T(XTT - Xw) i E-TT ( er B Xy)f‘DTLV(XTT'xW)

(4b.3) DTT(X»] ‘).(w) = ETT(XTr"Xy)

(4b.4) Wew Xw = Fe t For

(4b.5) Wre EETr = —Frr - Far + Feen

(4b.6) Fern = Ree Wl‘zvd/hu &y

(4b.7) Ferv = Rire Wyt corvd Oy

205




b e

W PR

Figure A43 shows the rotational model of the wheel, tire,

axle, and lower strut with the gear rotation 6 added.
Including the effect of 9 there folliows:

(4b.8) TET o c'BT(GW-QI’) * Egr(ew‘ey) i'DTR\’Z_a‘W‘ér)
(4b.9) DIZT(éy 'é-r) = E.Qr(ew 'ey)
(4b.10) T5 = CQS (95 +e(.,) + Dp_s(es,"' é@)

Figure A43 Tire Rotational (‘odel

Equations (4b.1l) through (4b.16) are the same as (4a.ll)
through (4a.16).

(Qb-ll) Hy = Rer ‘SM

(4b.12) TRE = SM (DSQ T DVQWF> o WT>°
c It Wr=0
SM (' DSE T Dyia“f*r) oF WT‘ c
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(4b.13) Wy B = Tyr - To

(4b.16) Wrw O = ~Tor = Tyr

(4b.15)Wrr €1 = HrFor +Ter - Tag
(4b.16) Rt = Rgy = 2 S ~ Upg ( Xpr=Xw )

Because the ground is now stationary equation (4a.l7)
becomes

(4b.17) Vps = ).(rr

The remaining equations are unchanged except for noting
that the outputs Xwm and Xy, required for the Airplane
System are obtained by renaming Xyr. Thus Xum= Xyr and
Xwm = X¢y .+ Continuing,

(4b.18) Vg = Ves - Rr Wy (witere wWr= Sr)

(4b.19) Wga = Ww — Ws

(4b.20) Fume = Fim Ct = Cry (Vas /Viv)?)

(4b.21) For = Tymp Ur + Diy Ves

(.22 WUy = | dr+lan —Erm)e"'w‘ 1V >Ves
| 3 Lty + Ut Erih)E™ l""]'/,/m,} VR 18 Veo> Ve > ~Veo
;- Uy - £ Vs ) O 1 b Ve & ~Vio
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B. Parame:er Evaluation

The parameter values for this system are essentiglly the
same as for rhe wheel and tire system that corresponds to
the Flywheel system. One difference is the values for
Ce and Dg which are derived in the Airplane System (3
degree). These values are

(4b.23) Ce = 200,000 lb/in
De = 78.6 Ibsec/in

Since this system moves with the airplane the initial con-
ditions should match the Airplane model. Thus

(4b.24) { Xrro =774 n
Xyyo = 2400 in/sec

2400 in/sec

i

(4b.25) 3 Xwo

X wo

From equation (4b.16)
(4b.26) Ry = Rer ~35m = 23.32 -.80 = 22.52 IN
Thus for a "epun up" tire, we have from equation (18)

(4b.27) Wr = Yps /RPr = 2400/22,52 = IC6.7 rad/sec
Then

(4b.28) B0 = Owo = 106.7 rad/sec

Also from equation (10), choose G50 so that zero torque
is produced.

(4b.29) Oso = Ogo = 0329 rad/sec
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4c. TIRE AND WHEEL SYSTEM (6 DEGREE)
The wheel and tire systew for the six degree problem is the
same as that described in “he three degree systen except for
3 inclusion of the lateral mode. Equations (4c.l) through
(4c,17) are the same as (4b,1) through (4b.17) ir the three )
degree system,
A. Mathematical Description

(40.1) Fe = CG(XA.:"XW) + Ds(i(hx - ).(w)

(4(!.2) F:l"r‘ = CTT(XFT -XW) + ETT‘(XTT _Xy) "’DTLV(X'T'X‘V)

(4c.3) Dry ( Xy ‘Xw) = Exr (Xre-Xy)

(42.4% chiw = F + Frr

(4c.5) Woe 521'7: ~ Fre - Far + Foeu

(46€.6) Fagn = Rye Wy wmdO1)

I R

(4c.7) Fory = Rre Witen {E7)

(4c.8) Tar = Crr(Bw-6;) + Epr(84,-6,)tDiry (6.6
(4c.9) Dpr(6y-6;) = E o (6,-6y)

(4.10) To = Ces (85-66) + Dps (65 - 6¢)

(4c.11) Hr = Rgr = Snm

(42.12) Top = { Sm(Dsa +DveWr) it Wr>0

O i3 Wr=o
Sm (- Dep + Ovr W-r) F Wr<o
(4c.13) W8 = Tgr - Ts

(4c.14) Wiy©O= ~Tor ~ Tor
(4c.15) Wiy ér = H. Far + Ter ~ TP.P.
(4¢.16) Rr = Rer =3 Sm ~ Uoe (Xrr ~Xw)

(4e,17) Ves = )21-1- = )-(w:v\ alse Xym = XTT
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Equation (4b.18) which gives the relative velocity between
the footprint and the ground is changed to account for the
lateral footprint velocity Yu .

(4c.18) Vg =J Vog + 712

Equations (4b.19) and (4b.20) are unchanged,
(4c.19) Wa = Ww ~Ws
(4c.20) Fumr = Fum (1= Cuy (Vas /Viy)®)

Now Vgx is the relative velocity in the x direction so
(4¢.21) Vex = Ves - RrWr

Thus, the angle /3; which defines the friction force direc-
tion as shown in Figure A45 is given by

(4c.22) Br = tai'{ Y/ Vex?

View looking dowm

Ve Y
S
Br N |
e | yot—@-—— | —F,

1 y \'I‘ire Footprint
L]

Fev |

Figure A45 Footprint Friction Components
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Thus, Fa; is now given by

(4¢.23) For = Fume Ur e0a <312 + Duy Vs

and

oV
(be.26) Uy = | 47 *W—Erl/ﬂs%e % € VR >Vke

$r +utre-Ervrs) €% %’go%l/g 15 Vits Ve 20

The lateral friction force Fey is given by

The airplane produces a lateral position Yax of the axle.
I1f Y. is the lateral location of the footprint, then a lat-
eral force Fs¢ 18 produced and

(4C.26) FST = CsT (YAX —YM) + Ds‘r ( ?hy - Y.M)

Finally, forces can be summed laterally on the footprint to
obtain

(4e.27) Wrg Yy = Fsr - Fev
B. Parameter Evaluation

Wheel and Tire System Parameters

Most of the parameter values were derived in the wheel and
tire system that was used with the flywheel. The only addi-
tion is the evaluation of Csr end D4y
From reference 1 (p.15)

(4c.28) Ka = Taw (P +.28F) (1~ 7(50/w))
Assuming that §. = 2,245 in,, then

(4e.29) Cyr = (2)018)(1.24)0150)(1- .7 (2.245/18))

(4c.30) Cs1= 6460 lb/in

Using co- =y K/m =y6a60,/.0725 = 298.4
Using 7 = .1 (from page 50 of Ref., 1) results in

(4¢.31) Der = %2 Csr/wn = (1)(6460)/2984 = 2,15
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Initial {~nditions

The only difference between this and the three degree sys-
tem is evaluating Y., and Yo . It should be that Ymo = Yaxi®}
Since this system is used for both right and left sides, then
Ymo Will differ. Assume that this system is used as the
right wheel and tire., Then, Yuo = Yaxe as in equation
(4c.56). From this equation at Time = 0, (since R = P = 0},

then

(4c.32) Yo = Yaxe = Yo+ Sew T 0 +60 = (0 (n

Similarly

(4¢.33 Yero = Yaxm = Yo = 0.0 in/sec
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5. WHEEL SPEED SENSOR

The primary input parameter to an electromic antiskid
control circuit is an airplane wheel speed sigaal. For
conventional control circuitry the input must be a direct
current voltage. The wheel speed sensor may have any

of several forms such as a D.C. tachometer or an A.C.
tachometer with variable voltage or frequency converted

to a direct current voltage by suitable electronic cir-
cuitry. The control circuit input signal, £G , is a
function of the wheel's angular velocity relative to the
axle (tachometer mount) and the characteristics of any
asgsociated electronic circuitry used for radio interference
suppression and/or for conversion of A.C. frequency or
voltage signals to D.C. voltage. To provide the means for
mathematically deszcribing the control circuit input signal
for a variety of wheel speed sensors, two approaches are
taken. The first, identified as Option 1, is applicable
whenever there is a perceptible phase lag between actual
wheel speed and the antiskid circuit input as is generally
the case where A,C. voltage signals are converted to D.C.
or where a D.C. tachometer is driven through an elastic
coupling. A second simpler mathematical description,
called Option 2, is provided to minimize computation
difficulty and expense where no significant phase lag
exists.,

A. Mathematical Description
tion 1

Assume that a D.C, tachometer generator is mounted on the
axle and is driven by the wheel. The output of the hypo-
thetical generator is assumed to be applied to a linear
force motor which acts upon a single degree of freedom
damped spring mass system as shown on Figure A47. The
centrol circuit imput signal, £5 , is proportional to the
mass displacement. By adjusting the relative character-
istics of the linear force motor, hypothetical generator,
spring, mass and damper a mathematical description of a
wide variety of wheel speed sensors can be accommodated.

224




b St

C ws EE

WALVl _W\f_’f

Ews Fus— I ( l l Ws ,,//'
LAY \"AAY) 1 P

Dws g

#—Kws' -

Figure A47 Wheel Speed Signal System

The output of the hypothetical generatoxr,£ws, is proport-
ional to the wheel's angular velocity r2lative to the axle,
Wg, as defined by equation (5.1). Argular velocity,Wa,

is obtained as an output of the tire and wheel system.

(5.1) Ews = Gws Ws

The force produced by the linear force motor, Fws, is pro-
portional to the generator output,Ewy, as defined by
equation (5.2).

(5.2) Fuws= Cws Ews

The hypothetical mass diSplacement,qu is obtained from
equation (5.3 which results from summing forces on the
hypothetical mass, Wws.

v Fws Cws ;v . Pws (¢
(5-3) Xus = Tz ™ s (Kws) = s (Xws)

The antiskid circuit wheel speed input voltage signal, &g,
is proportional to the hypothetical mass displacement, Xws,
as defined by equation (5.4).

(5.4) £ = Cegv Xws + Esw
In equation (5.4), Es¥ is any extraneous "noise" which
might be present due to the operation of other aircraft
systems, etc.

The equation flow diagram is shown on Figure A48,
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Option 2

For cases where the wheel speed transducer is a D.C. tach-
ometer, cr equivalent, driven through a rigid coupling
(such as the F-104 and F-111) there is usually very small
difference between the actual wheel speed and antiskid
control circuit input (i.e., very low phase lag or atten-
uation) and the extra mathematical complication incurred
by using a very high gain second order equation is not
justified. For these cases the antiskid control circuit
input voltage may be considered proportional to the wheel's
angular velocity as defined by equation (5.5).

(5'5) EG = GW’OC Wg ESM

No equation flow diagram is shown for Option 2.

B. Parameter Evaluation

Option 1

The objective of using a single degree of freedom damped
spring mass system to describe the antiskid control cir-
cuit input is to provide a mathematical "tool" whereby
phase lag within the wheel speed sensor device can be
accounted for. Consequently, the values for mass, spring
rate and damping coefficient are chosen to produce the
desired effect ratber than to describe physical devices.
The other coefficients are chosen to achieve compatibility
with the control circuit. For the F-111 modulated antiskid
circuit let the hypothetical tachometer coefficient be the
same gs for the actual F-111 tachometer, 12 volts per thous-
and RPM. Therefore:

/. 6
(5.6)  Qws = St = 047 voursee /oao

wet the force motor coefficient, the elastic system spring
rate and output voltage coefficient all be equal to unity
so that for steady state conditions the control circuit
input, £, 1s the tachometer output. Therefore:

Cwg = /.0 rbf/vor
(5.7) CWS = 1.0 [bF//N:.’H
Cegv = 1.0 wvour /inecw
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Based on information furnished by the Goodyear Aerospace
Corp. the ~omponent characteristics and arrangement which
is usually utilized for converting 4.C. frequency to D.C.
voltage produces about 30 degrees {or greater) phase lag
at 5 cps. The following equations from reference 12
describe the single degree of freedom system's behavior
when an oscillatory force Xo K Sivwi is applied.

_)(__ 2 /
o VDT o)

74"”’6 - (w/ﬁdnl
/ = (“ih)*

In these equations ;ﬁ is the phase angle,§= Dws/zww;w,,
is the damping factor, @i = ¥Cws/wws 1S the undamped
natural frequency, i is the frequency of applied oscil-
latory loading, and X/Xe 1is the magnification factor.
If the degree of attenuation and phase angle are known at
a particular frequency, the undamped natural frequency and
damping factor are established. Assuming two percent
attenuation and 30 degree phase lag at 5 cps, the equations
above give an undamped natural frequency of 14.6 cps
(91.8 Qp..;/JEC) and a damping factor of 0.746.

For an undamped natural frequency of 91.8 £A0 /fsrc and a
spring rate,Cws , of 1.0 1bt/sw the mass, Wws, is estab-
lished as O./85x/0 %1btss¥Yy. The damping coefficient,
Dws » 1s established from the mass and damping factor as

(5.9) Dws = 0.1623x107% jbt sec fra/
Option 2

For use with the F-111 modulated antiskid control circuit,
use the actual F-1ll1 tachometer output of 12 volts D.C. per
1000 RPM. Therefore:

72X 60
(5.10) Gwoc = ooenzrn = O LT Vorrise foao
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For use with the on-off antiskid circuit as installed on
the F-104 (and B-58) the tachometer output is 20 volts per
1000 RPM. To make the on-off circuit compatible with the
F-111 requires that the difference in tire size (46.5 inch
dia. for F- 111 versus 22 inch dia. for B-~58) also be
acc~mted for. Therefore, for the on-off antiskid circuit
use;

(5.11) Gwaoc:= (a:m?)(%'g)(f—;-f) = 0.4 vorrsie/kno
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6a. MODULATED ANTISKID CONTROL CIRCUIT

After introduction of on-off type antiskid systems, it
became apparent from various analyses and studies of test
results and operational performance that braking effec-
tiveness could be increased if the number of antiskid cycles 1
and their intensity could be minimized. To minimize anti-

skid cycling occurrences and intensity, it is necessary to

control the amount of brake torque being applied such that

the available friction torque is not exceeded for as much

of the time as is possible. A number of devices utilizing

various principles of operation have been used for this

purpose. These devices predominately utilize the principle

of regulating or "modulating' brake pressure to keep its

value as near as possible to that which will produce a skid.

One of the first of these type devices is a hydraulic pres-

sure modulator comprised of an orifice and accumulator

installed upstream from the pilot's metering valve and

configured such that repetitive antiskid cycling causes a
temporary reduction in pilot's metered pressure. The

Convair Model 880 airplane's Hytrol MKI antiskid system

with hydraulic modulation is a typical example of this type
installatiom.

A subsequent development was the Bendix system which is

used on Grumman A6A and lockheed Cl4l aircraft. This

system combines hydraulic modulation accomplished within the
off-on type contrecl valve with two levels of skid detectionm,
(i.e., brake pressure reduction in two steps controlled by
skid intensity). Further improvements have been achieved by
utilizing a servo type pressure regulating valve with elec~-
tronic control to achieve a wide range of control charac-
teristics and better accommodate widely varying runway
friction conditions encountered during aircraft operation.
The Goodyear Adaptive system used on General Dynamics F-l1lll
aircraft and the Hytrol MK II system used on McDonnell-
Douglas F4C and LTV A7A aircraft are examples of the servo
valve type systems. Within each of the types or classes of
systems there are a number of variations in circuitry and
component arrangement depending upon the aircraft type,
landing gear arrangement and configuration, and the airplane's
mission requirements. For this program a mathematical model
of the F-111 airplane's Goodyear Adaptive Antiskid Control
Circuit is developed. Models for other type circuits can

be developed using similar procedures.
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Figure A49 1is a block diagram showing the basic £ :tional
elements of the Goodyeer adaptive antiskid control c¢ircuit
as used on the F-11l1 airplane and showing the relationship
of the control circuit to the other brake system components,
During antiskid circuit operation, a wheel speed signal is
provided as an input to a deceleration detector. Within the
deceleration detector the wheel's deceleration rate is com-
puted and compared to a threshold value provided by a skid
detection threshold circuit element. The deceleration
detector produces a skid signal proportional to the amount
by which the wheel's deceleration rate exceeds the threshold
value. The skid signal is applied to a valve control
amplifier which in turn produces a valve control signal
proportional to the input skid signal plus .iny pressure bias
signal which might exist. The valve control signal is
supplied to the antiskid control valve (a servo type pres=-
sure regulatocr) for brake pressure control and to a modu-
lation circuit element. The modulation circuit element
interprets the valve control signal and provides a pressure
bias signal to the valve control amplifier and a threshold
control signal to the skid detection threshold circuit
element, The wheel speed signal is also supplied to the
locked wheel prevention circuit elements consisting of an
airplane speed reference and a wheel speed comparison
element, When the airplane speed reference indicates that
the airplane's speed exceeds '"locked wheel arming speed"
(usually 20 mph) and simultaneously the wha:el speed is less
than that which should exist for a slightly lower airplane
speed (usually 10 mph), the wheel speed comparison circuit
element produces a skid signal sufficient to fully release
the brake. Locked wheel arming speed is chosen as some
reasonably low speed below which a locked wheel is not
particularly detrimental, The locked wheel feature is
deactivated below locked wheel arming speed so that the
airplane can be brought to a complete stop. The aircraft
circuit also incorporates circuit elements for failure
detection, automatic cutoff and prevention of brake appli-
cation prior to touchdown. These logic type functions do
not affect aircraft stopping performance and are not
included in this analysis.,

A. Modulated Antiskid Circuit Mathematical Description
A simplified schematic diagram of the Goodyear adaptive

antiskid circuit for one wheel as used on F-lll type
aircraft is shown on Figure A50. This circuit accom-
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plishes deceleration skid control as previously described
in the control circuit functional description as follows.
An input voltage,Eg , is provided by a wheel driven D. C.
tachometer generator (GEN), £s charges the deceleration
detector, capacitor,l:, through resistance R4 and diode O8
during wheel spin-up. For normal wheel deceleration rates,
with no incipient skidding, the generator voltage will
decrease relatively slowly and & small current will flow
from the positive side of €/ through R¢ , the generator,
Re, Rz, and transistor @1 to the negative side of Ci.
This current discharges capacitor ¢/ and causes its
voltage to closely follow £¢., Transistor (; is the skid
detection threshold circuit element. Qs is a current-
limiting device that offers very low impedance to current
below its threshold value and extremely high impedance to
any current above that threshold. The threshold is con-
trolled by R2 . Diodes Dz and D3 provided bias voltage
for the operation of @i, When an incipient skid occurs,
the generator voltage decreases rapidly and since Qi limits
the discharge current into C:, the voltage at the negative
side of C: decreases and causes current to flow through A54,
Re, Rz, and K3 . The current into the base of Q2 is
amplified by &, @3, RQs, @¢ and @3, (the valve control
amplifier) to produce a voltage across #v, the antiskid
valve coil. Voltage applied to the antiskid valve causes
brake pressure to be reduced proportionally and thereby
alleviate the incipient skid. Antiskid valve voltage is
feedback to the amplifier input through R7 to stabilize
amplifier gain against changes due to temperature and
component characteristic variations,

Antiskid valve voltage pulses are transmitted to the modu-
lation circuit elements through capacitor C4 . Within the
modulation circuit element, consisting of €4, Rn ,Ru, Ri2,
D7,C3 ,C2,D9 and (¢, each increase in voltage to the valve
produces an increase in the charge onC3. Voltage on C3
causes @¢ to chargeCz. Since {2 discharges through Ree, Ras,
and R: , the voltage on(Z provides a threshold control
signal to&. The charge en €3 , and in turn on C2 , is

a function of the amp”itude and frequency of valve voltage
pulses. Voltage onC2 1is also applied to Q:through #gs

and 2¢ to provide a pressure bias signal to the valve con-
trol amplifier. The operation of the modulation circuit
element results in an automatic threshold change to the skid
sensing circuit and a bias to the valve control amplifier
to match the braking conditions being encountered.
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The mathematical description of the operation of the
Goodyear adaptive electronic antiskid control circuit as
shown on Figure A50 1is developed with conventional cir-
cuit analysis techniques using Kirchhoff's Laws. Figure
A51 1is the schematic diagraun from Figure A50 with the
transistors and diodes shown in terms of their equivalent
circuits and the various currents and voltages identified,
The transistor and diode equivalent circuits are adapta-
tions of equivalent circuits developed and described in
references 13; 14 and 15. Some of the diode forward resis-
tances are combined with other resistance in series with
the diodes and are not shown separately. Also, since the
current through R¢ (the output resistance of the wheel
speed signal source) has three non-mutually influencing
components, Rg is included in R3 , Rog and Ry5 to simplify
equations., Other simplifications will be described and
discussed during the development of equations,

Referring to Figure AS5l, the ci-cuit equations are
developed as follows:

The voltage across capacitor C; is defined as:

(1) VC,’/VC?I dt
(Al) Vc.1= ﬂcu/& oR \/(:'l = Acy Clos

HAc, is the current through C:and C is the capacitance.
Ac, is established by summing currents at node @ as:

(w11) Acy= Aos- Az

Using Ohm's law and summing voltages around the loop
of which Rog is a part, Age 1is established as:

(R10) Aog= (Eg-Vei-Eog)/Rog For (Ea-Vei-Eor)>0
=0 FoR (5 -Ve~Eor)€ 0
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Noting that because of diodeDg, Aps is restricted to
positive values only.

To combine constants, write equation (R10) as:
(R10)  Apg = (Eq-Ye)Co20-Ce21  #0R (Esdycl]>[6.w/é22/
=0 AR £ - )€ Cozs fCoz1

By summing currents at Node @, current ﬂ,z is established
as:

(N12) Hiz = frz + Acqi

Substituting equation (N12) into equation (N11) gives:
(n11)' A, = Aps - AR3 - Acq)

To compute ﬂcal it is desirable to first obtain equations
for the voltages at the base and emitter of & in terms of
the base and emitter currents and the appropriate voltage
sources, The voltage at the base of @i is VR{ . Summing
currents at Node @ establishes current Ag; as:

M) AR = Asgi+ Area

Summing voltages around the loopK;A8r Keg to Vez
gives: Vrea+Wked = Vez - VA7 . 1f the current through
diode D4 is assumed negligible, then Args = #R84E,
(Because of the relative resistances, the current through
D4 is a very small fraction of the current through Asg).
By Ohm's law, Vesp +¥4e8 = Aksa (Kan +Kes) and

Ver= Ari K1, Substitution into equation (N1) and

solving for yp, gives:
D" Ve = R‘(ABQ' /?s‘nrfea /(/ fenfﬂse)
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The voltage at Node@is Eopz+ Yooz . (Here two diodes
P2 and 02 as shown on Figure 50 are combined in an
equivalent single diode)., Summing currents at Node @
establishes current Aoz as’

(N2):  Apz = Ake - Ars - Aegy

By Ohm's law, V<02 =Aoz Roz , Vr4:=A% R4 , and

(VR5A +V2s8) = Aks | Rsnt R58) (Note: Because of the
relative resistances, /e 1is a very small component of
the current in K54 and is assumed to be zero when computing
Veo2 .) Summing voltages around the appropriate loops
establishes that V@¢= Vs/-Vkoz -£0. and Vs +iisg =
Vep2+Epo2 . By substitution into equation (N2) and
solving for \/jgpz gives:

' Vs - _I- ...._.._.--—--l =3
(82) [zf £o2 (m *,Qnresa) ’4“':[

Vkoz =
| + | S \
Lo Re Rsa+Rsg

Summing voltages around the loop through which Agg
(the base of current &) flows results in:

(Q-1)  ELoz+Vrp2 -VRz - Veal -Eai--Veqi-Ve =

By substituting Wz = A&qiRz |, Veai = Aeq) Rea
amd V¥Qi = Aéq) R6q1 (From Ohm's Law) along with equations
(N1)', (N2)', and the basic transistor relationship
Aeai = {hreit!) Asai into equation (Q-1) and solving for 4!

(Q-1)'  Acai= Cooz-Cooslez , waere

gazo 5 ,y)//z;, N« o (&) o)~

oo B A

£\
R, tRea

Rexs 4 U
§R1+REQl+[hFE|”) +(hFE|f")/(H /(szf E4+£9‘
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And where in the above Ky=RsstRsn and Kg=Kon tRgs.

For @i to operate as a transistor, Vcqt must be positive.
Using equation (@-1)' , the basic tramsistor characteristic
(Q2) Acq = hra Asa flvev) and by writing the voltage loop
equation through 02 &, R, C, and[6s~) it can be shown
that Vrg) is positive for (g£g-Ve;) negative; therefore,
equation (Q-1)' is applicable only for (&£g-Ve )< O ,
Substituting (Q-1) into (Q-2) gives the following equatiom:

(Q-1C)  Acq) = Coot - CoocVer  ror [Es-Va)«o

=0 For {.E‘- VC;] 30
=0 For Veg = féw-/(‘éa.s’
hr—‘fa
Coot = (%02 r;;;';,—)
hes
Coos = Céo3 (h,:,__.,,,)

By suming currents at node @, current Ag; is established
as:

(N10)  Ar3 = Asar+ Ara

To compute the components of /&3 (i.2.,Asq2 and Ag7) it
is desirable to have equation (N10) in a form where g, is
expressed in terms of the appropriate voltages and resis-
tances. By summing voltages around the loop v, R7,K3, C;
and GEN,Yr7is established as:

VD) V7= Ev-Ves - Eg-Ve)

Substituting equation (V7) along with V37 = 443 K3
and Vg7=4r1 K7 into (N10) gives:

N10)' fpg= Az Ev__ (Ei-Ve)
1+ R%p, (R11-£&\ (R1¢R2)

To combine constants write as:
(N10)* ARz = ﬁf@z. Ceiz t [_E v-(£¢ "l/c:) 6"5/3
242
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To compute current A£&z , sum voltages around the loop
through which Agg2 flows:

(Q2) Vy-VsR2-EQz -VEd2 -VR3 - (E&-Ve) =0 |

Here voltage VY is the base voltage on Q2 and is either
(Vess - o) or (Veo -Vess-Ese)  whichever is the largesi;
therefore, there will be a version of equation (Q-2) for
each of these conditions, To establish which condition

} exists, it is necessary to compute (V.e:s—l/x.r.) and (Vop V48~ 2o,

Pk alis oo coonaae ot e

During derivatiom of Equation (N2)' it was otserved that
VRSA +VRs8 = Rp2 +ED02 and it was assumed that A#¢ was
small when compared to Aes . Using the same assumption
Ws8 is established as follows by Ohm's Law:

(R-5) WesB = Ars Rsg

By substituting 445" (Kser £s3) = Vess + Vess
into equation (R-5) above gives:

(R=5)" Vesg = Kss (Vroz H:’m.)/(ﬁm *fs'a)

By substituting equation (N2)' for Yoz and investigating
the influence of Aea: within its allowable range, it can
be seen that for practical purposes |¢53 is a constant,

To compute 772 , it can be seen that #¢¢ equals Aswz

when yy 1is Vesg-Vee ; therefore, Ve.~/4642 £¢ by Olm's
law,

By Ohm's Law |rsg = /43¢ Keg . Since the current through
D4 is very smell and may be assumed zero, and since 454
is such a small component of the current through Rl that
it can be assumed zero, by Ohm's Law:

(V8)  Aros= Aesn = Vc:./( Ri+Kap + Kes)
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Therefore:

[Vc K.+ Ren
(VCL"VKSB"ED‘P): LR rhanrKos —ED“"_]
To establish whether Vy= ( Visa- Vﬂa) ne

ﬁ, e Ken —
-_—_.-—.—-—-—'_-
Vy = [ ez Ri+Renm + /6’95) "/‘-”]
A voltage VB will be defined as follows:

(VB) Vg = [Vc;_( %}A ‘EM-] - ( Viesw '/?6/#4.2)

if VB > 0, (VY-1) Vy= L VC’z fm "5047

if B0, vv-2) V= [ Vesa - Ks }Qsazj

where Cn. above is defined as:

% _[ ,rfgﬂ )
M= R+ kgrrR28

To combine constants and expressing Asaz as ﬁe'az/h;‘-.;_fl
equation(}/g) may be written in the following form:

At

(v8) VB = VCz (m+Aeazloor -Covo

Before proceeding with the computation of A%7 , the valve
control amplifier and modulation circuit elements will be
examined to develop equations for Zvand Vcz.

By summing currents at Node @current Aps is established
as:

(N5) Aos = Ava - Acsq

The voltage at Node@ is defined as Vx , Summing voltages
around the loop Kv, [g, s and Vx gives:

(VX) Vx= Ev+Eop, + Vkos +Eps
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By summing currents at Node @, current g; is established
as:

(N4) Arin = Av - Aps

By substituting equations (N4), (N5), and (EV) into
equation (VX) and by using Ohm's Law to establish that

Ev=Arkv, Vo1 = Ari1 £17 and Veos = Aps Rafj VX is
established as:

(VX)'  yx = Aos Caoo + Ceof

By substituting equation (EV) into (N4) and using the

relationships Ev=Ar&r and \Ver1-4017 K17 EV is established
as:

(N6)'  Ev= Aos Ceot + Cqo7
The operation of transistors Q2, Q3, Q5, Q6, and Q7 will
now be considered to develop an equation for current Ava

(Valve Control Amplifier Qutput Current).

By summing currents at Node(ﬂ','\ ) current Ays is established
as: .

(N7) Ava= Aeqr + Aig

By summing currents at Node @, current Ay, 1is established
as:

(N13) A= Aro+ Hrg

By summing currents at Node , current Aric is
established as:

(N6) Rrio= Aeqw - Ao

By sumning currents at Node current /'}R.‘f is established
as:

(N9) Ara= Acqs -Ards
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Summing voltages around the loop, ﬁ:q-l ’ R_gm and L0
glves: '

(V10) Ve = Vear+Eqr + Voq7

By using the relationships Vrio = AR Ko VE@? = REQT Ec'a',
and Vég7 = Ay Lee7 as established by Ohm's law

along *ith the transistor characteristic Ae:=(hee7t!) ABa1
and substitution equation (NG) into (V10) and
solving for A4g¢7:
' - E
(V10) Ata = ﬁEQ(g Rio Q"

EU\F&;H) ng-; rRegat )em‘]

By substituting (V10)' and (N6) into the relationship
VRio= Ao Rio

(A10) Vi = Aee Caoz + Caoz £qy

Summing voltages around the loop R10, Regq Raa‘,}
ﬁr:a{ Kgqs and Rg glves:

V9) o= L/e,o t l/EQQ t—EQ(, +V8Q(,,+ VE&: +Egs +l/9dr- Mt?

By substituting equetions (Al0) and (N9) into (V9) along

with transistor characteristics Aeai =lhre+1) A8l

and Aegs = Lhees 1) Aoas and the Olm's Law relation-
PS Ve =Aes A9 > Viege =reae Reae » Vae = 294 Koal ,
vz Aegs Kews @04 Vigge - Asqsr Aeas and solving for

Reqy, !

Aeas R - (Eqp +Eas + 103 ta-:)

Rog, +Rear | R aae+ Ks ]
. ¥
[ ¥o3. + LEQG + (que'aﬂ) (AEF‘*')L"FE‘H) J
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Substituting equations (N13), (N6), (N9), and (V9)' into
equation (N7) along with transistor characteristics
Acas = (heesr!) Ases and Aeao = Lhrsza v1) Réqe

and solving for Ay, gives:

(N7)’ Ava = Acqz Caca — Coos

it should be noted that these operations involving Q5, Q6,
and Q7 assume that Aceas is large enough such that Avs is
not negative and that the applicable supply voltages, VSl
and VS2, are large enough to keep Vg1, Vige and Vegs
positive at all times, The latter assumption can be
proven to be true for the range of currents experienced
during circuit operation., If fkq37 is not greater than
C405/C404, insufficient voltage is developed across R9

to cause Q5, Q6 and Q7 to operata, For #c<a3 less than
C405/C404 all of Acqs goes through R9 and Aus = Acas;
therefore, equation (N7) ! has two forms depending on the
value of Acgs . Write these two forms as follows:

()" Avs = Aeas Coou-Cows  ron fees ?cw/w;c

= /QC’QJ rok. fcas -'-C'sfafé

Supply voltages VS2 is large enough so that voltages Vcas
and Vei3 are always positive and a small leakage current
Acqso flows., All the equations developed here are for
the increment of Acqs above the leakage value,

By using the transistor characteristics Acaz = hres ASRs
Acar = Aggz hezr [ (heear 1)

And if at Node N15 4 uws-= o, Abgs = Aeaa

then:
(Q3) Hcas = HAraz Coo¢
WHeERE 060(0 - hFEz)csz)
Chrez » /)

The operation of the modulating circuit element will now
be examined. To cumpute valve voltage EV from equation
(N4)' the value of current Aps which is established by
Equation (N5) is required. Equation (N5) shows that a
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component of Aps is ﬁc:; . Before developing equations for
computing fAc¢ some observations relative to the operation
of C4 and Q4 are helpful.

By summing currents at Node current. ﬂcq. is establish.d
as:

(N8) Hes = Aru - Ariz

However, because of diodes D7 and D9 currents A4n and AR/Z
have limitations depending upon the direction of voltage
across the diodes. Summ®ng voltages around the loop C3,
R1l1l, D9, C4 to VX gives:

(Vil) Ves +1/A’1: +E05 + l/cgt V=0

Substituting equation (V11) into the expression
VR =fen R @5 established by Ohm's law gives:

1 - Ens
(vil) Arn = _V’( Vc;nboq Ves Fa&(ﬂ-%y"&f’lég)>0

Because of D9, A, = O fok. (Voo — Eo -Ié)fa

Summing voltages around the loop €3, R12, D7, C4, to VX
gives:

(Vi2) Ver - Viz -E07 -fl/c’;t ~Vx =0

Substituting equation (V12) into the expression
VRiz= flrie K185 established by Ohm's law gives:

V12)' e [ -;507:‘%,#-/;' FUA U/Lz “£07 H“{'F'%) >0
/2

L]

1

Because of D7 fp,. = ¢ Fol. (1/,_-1'597,;)/,,9‘_)4) 2%))

Summing vcltages around the loop €3 through Q4 to C2 gives:

w-qa) V3 ‘Vdaq ~Eaq -Veqs -Vez =0
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Since the currents ﬂm4 and Aeq¢ in transistor Q4 are
restricted to positive values only, voltages VBQ4 and VEQ4
are always positive; therefore, equation (V-Q4) shows that
VC2 is always less than VC3 by an amount at least equal to
EQ4., Also, because of diodes D7 and D9, no current can
flow from C3 through R1l, D9, D7 and R12 to C2. For these
circumstances, it is observed (1) that for #c¢ positive,
all of Ac4 passes through Rl1l and all of Agn is Ac¢

and (2) that for A¢¢ negative, all of Acqe passes through
R12 and all of ARz is ~ Acq.

Since there cannot be pesitive Ak and positive Ariz
simul taneously, equation (N8) evolves to:

(n8)* Ace = Arir Eor ARn >0
Aeqs = 0 FoR Ail=0 Awnp /HRi1z=0
Heca = - Ariv Fok ARIZ >0

By substituting equations (N5), (VX)' and (N7)" into
equaticas (V11)' and (V12)', equations for Ac4 are
developed for each case.

The remaining equations for the modulation circuit element
will now be developed. Substituting the expressions

Vga = Asqe Ksqe and Vega = Aeas Kedq as established by
Oim's law along with the transistor characteristic

Aeqq = {,hF—E.;.H) ABaq into equation (V-Q4) and solving for

Agaq glves:
(V-q4)' Vey - Eqq- Ve

[Riaq- + (hree + l} KEQq.]

For (.I/C!‘an- —l/cz\ 70

A544 =

t

0 For [Vi; -£44 -Léz.) <0
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To ccumbine constants, write equation (V-Q4) as:

v-04)  Agae = Wez Vo) Coz2 -Cozz
Fur LVCJ.- /C:«) 7 0623/6‘21-

=0 For. (Ves-¥ou) & Co23 /Cs22.

Also, since current AEQ4 is needed, define the tramsistor
characteristic as equation Q4:

(Q-4) Heaq = Hoee Céry
where Co6/# = Mﬁﬂﬂi’" /)

By summing currents at Node @ current ,45-2, is
established as:

M4y Az = Aeas - Ar - Arsa
lsing the same assumption relative to Aesa as was made

for equations (N1)' and (V8) and by Ohm's Law Aer#
is established by equation (V8) as:

(v8) HRin = Veo (Repeated)
Ry rRen + K8

3y summing currents at Node @current ﬂcg is established

i3
(N3) /763 = /4/@//‘[92/4 '/4:5’@4-

Current ﬂ,@/{— is computed from Vc; = /7R »€M~
sstablished by Ohm's law and 444 is computed from
cquation (V-Q4)' and Equation (Q-4).
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Equation (N8)' establishes that:
ARz = = Ay For Aeg o

M s Laas Alarsd Al hsuuend

=0 FoR Acqg 20
Arn = Heq For Acg >0 ;
: =0 FoR Req £0 i

Substituting the above and equations (V8) and (Q-4) into
equation (N1l4) gives:

M Aes=Aoae Corq tAcg-Vez Cetg mar Aca <0
§ = ABge Cérg -Vez Cérg  roa Acd 20

Similarly, by substituting the above I4Rn to MHe4
relationship and |Ls=- A4 £i4¢ into equation (N3)
Ac3 is established as:

(N3)' ez = Heq - Ves C6/9 - Arag FuR fed >0

~ W3 Cois - Aaq F Aed €0

1

i

'ghe voltages across capacitors C2, C3 and C4 are established
y:

@ Vea = fvc'z dt

(A2) Vez = Cho9 Aca

3 Ves = f Ves dt

(A3) 'l/c‘3 = L4/ Aez

4) Vc4_ = f I/c; (/zl
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(A%) Veg = C6u1 A

All of the equations describing the antiskid circuit's
operation have now been developed; however, to obtain a
computer solution of these equations, they have to be
converted to a suitable form so that there are no '"closed
loops.'" Also, since the equations for Aeqz , Ava and/ Acg
have different forms depending upon which cifcumstances
exist, a procedure must be established to define which
form of equations (Q2), (N7)" and (N8)' applies for each
instance, There are twelve (12) possible combinations of
circumstances as shown on Table Al4, The procedure for
defining which condition exists will be to assume a condi-
tion and develop a set of equations based on the assump-
tion, Using these equations, the assumption will b=z
tested., If the test is affirmative, the assumed condition
exists. If the test is regative, the assumption is
incorrect and other assumed conditions are tested until
an affirmative test result is obtained. To illustrate
this procedure, the equations for circuit condition 4 will
be developed:

For circuit condition 4 Ac¢ is positive,Acws greater than
Cvos/w4 and VB greater than zero. Substitute equation (N5)
and the applicable version of equation (N7)" into equation
vx)'.

wx)'-4 Vi = (Acqsz Caoq - Coos '-/?u) (o + Co/

From equations (N8)' and (V11)' Ac¢ is established as:

M) -2 feg= VK-Ved:Eoq-ks
Ru
Substitute (VX)'~4 into (N8)'-P and solve for Ac4

(N8) ' -P4

feg = Acas Cooploy _ (Vigt¥s) _ {EpatCaog G- Cuas)
/?u + L 3500 Kri +Csw0 ,?,-, r Cuod
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Table Al4 Modulated Antiskid Circuit Conditions

Circuit Capacitor C4 | Valve Amplifier | Pressure Bias
Condition | Currant Mode | Operating Mode |Signal Condition
(See Note 1) (See Note 2) (See Note 3)
1 Aea >0 Acwz € Coo7 VB £ o
2 Aet> O Aeqe < Céo7 V& >0
3 Acs >0 Aegz >Céo7 Ve £ o
4 Hca >0 Feagz > C 607 Ve>o
5 Hee=0 Aoz = Ce07 Ve <o
6 HAce =0 Hegz €Ceo7 V& > O
7 Ace =0 Heoz > Céo7 Ve <o
8 Act =0 Aeez > (607 VE >0
9 Are L0 Acqz £ Ceo7 Vz €0
10 Acg <O Aegz & C407 Vg > o
1 Hee <O HAear > Ceo7 Ve <o
12 Acg <O Aegz & Céo7 Vg > o
Notes:
1. capacitor (4 is charging for Ac4¢>0, static
for Acqe-o and discharging for A-¢ < O.
2. The valve amplifier is amplify’ug for
Ae@z >Ceo7  and is cutofi for Aeaz =Ceo7.
3, A pressure bias signal exists for W>O

and does not exist for V¥ <o.
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Now substitute equations (N5), (N7)" and (NB)'-P4 into
equation (N4)' and solve for EV

(N&) ' =4
EV = —X-‘:—' ACQ?; (qu, EHC‘h’b *‘(\/(,4 r%;)fw-(fa&f"u 'Eﬁ‘:' ré;‘d:)('ﬂd(:

R
oo # ('wz(f::rc'suu)]

Substituting equations (N4)'-4, (N10)', (Vy-1),
and (Q3) into equation (Q-2) and solving for Agqs gives:

(Q=2)=4  Aear= ~(Fs-Vu Y g tVez Cyso = (Wprhy ) Cusi +Casz

By substituting eguation (Q3) into equation (N8)'-P4 an
equation is obtained for computing AC4 using the value of
HAcqz obtained from equation (Q-2)-4 above and making
this substitution and combining constants, equation
(N8)'-P4 can be written as:

WN8)~4  fry =[AEq2) C 906 - (W3 +/cd) Ceod ~Coor
if [ (Asa2)Coco ~(Ves+ieg) Coot -C907] >0

The value of Aed2 from equation (Q-2)-4 may also be used
for computing VB,

Using equations {@-2)-3, (VB) and (N8)-4 the assumption
that Acg> o , Acas >(.‘405’/(4o4 and VB > can be tested.
If the test is affirmative, then values for Ac¢, AR3 and

EV can be computed., If the test is negative another
conditions must be tested for.

Tables Al5 and Al6 are a summary of test equationms
developed in the same manner as above. Since equation
(Q3) establishes a linear relationship between Asazz and
Aca3 and since Aeqz needs to be computed as a step in
the computation of /iy, the test equations for Aegz will
be performed implicitly by computing Assz and comparing
its computed value to C607 where C607 is defined as:

c607 = . C#05
(Ce0a o)

Currents “¢¢ and ﬂé@z, are computed using the applicalle
test condition equations.
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Table Al5 Valve Amplifier Operating Mode Test Equations

Circuit Applicable Equation (6a-Q2-n) (See Note)
Condition,n
1 Aecz = - (56-Veil Cast - (Ver +Vea) Co57 + Crs8
2 Heaz = Yoz Cobl - (Ec-te) C59 - (Ver +ibe) Caoo +C462
3 Heaz = ~(Eg-Ver) Cott - (iez +Vea) Ca47 + C418
4 feaz: VerCa50 - (EsVe)Ces9 -(feq # Vog)Cts1 +Casz
5 Aewr= - (£ -Ver) C5a +Cs72
6 ! Aenz = Vez Cszz ~(Ec-ir)C592 ~Cs35
7 | taz = - (Ea-V)(52¢ +C 527
8 Azar = Vez Csz2p- (Es *l/cv)('fzy ~-(530
9 Aeaz = -(E6-Ver)Cs65 - (Vez o) (sée +C 567
10 Aear = Vo2 Csze- (55-1/61)(31 g *[%‘ﬂ'&&) Csm-Cx
11 Aear = ~(Es-Ver] Csrs - (2 Vew) Cs76 +C577
12 Heqz = Vez Cs7p - (B Vi) C579 ~ (Vo2 tVes)Csgo - C59/
Notes:

1. For circuit conditions I, 2, 5, 6, 9 and 10 -
if AEQ2 < O, set AEQ2 =0

2. For circuit conditions 3, 4, 7, 8, 11 and 12 -
if HAr@z>CRoz, setAEQZ2= C&0Z
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Table Alé6 Capacitor C4 Current Mode Test Equations i

Circuit
Condition, n Applicable Equation (6a-N8-n)

1 &2 /4(.'4-= (Acaz) Coo6 - (Ves+'cd) Cooa -C 807

F [//456?2)6906 -[VCJH@L) Con -C'go?] >0

384 | fcg=(Heqz) Coo3 - (Vessvicd) Cooa - Covos

el (Reqz) Coo7 - (Vi34 Vea) Cpog - Cfdf] ze

566 | feg=o s=[(Aeqr)Csan-(VisrieGog=Coo] € ©
Vo

L{Aeaz)Cori - (V24 Veg) Coos ~Care ] Z ©

188\ feg=0 12 [Heas)Cas - (Visr V) Cove - (sl 40
AN R
[ Aews)Coog~We2elig)Copg -Con | 20

D810\ as= (Hear) Con - (Vezsied)Caod - Coiz

17 L (Reaz)Con - [ Vez H/€4) Cavg -Corz[< O

i gk Ao = (ﬂsc?z) Csog - [V{TZf-VCﬂ Co09 -C &0

I~ [[ ﬂ&’@z) Csop ~(Vizr V(‘ng C¥09 -[‘y,g} L0
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For the cases where /22> C607 an upper limit must be
established to represent saturation of the valve drive
amplifier. This upper limit is called €802 and applies
to the applicable circuit conditions noted on Table AlS,

B B o i g By et s i m S e

] Table Al7 Summary of Equations for Computing
: Current Aos

e

Circuit Applicable Equation 6a-N5-n (See Note)
Condition, n
L 1&2 HAos = Avar Ceot ~ Acs
3&4 Aos = AvAL (6oe Ceog ~Chos - Fes
566 HAos = Avat Ceoe
7&8 Hor= Avar Ceoe Ceos - Co05
9 & 10 HAos = Avar Ceoe - Acs
11 & 12 Hos = Avar Ceos Croa-Cos - Acs

Note: For all circuit conditions if /‘70540, set Aos=0
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As shown on Figure A49 the locked wheel prevention cir-
cuit elements also have an input to the valve control
amplifier, 1In the equations thus far it has been_assumed
that the locked wheel skid signal, Awws at node (ﬂ::), is
zero, When computing the valve voltage, it is necessary
that the non-zerc value of Aiws be accounted for. If Awws
is not zero then equation (Q3) is:

(Q3-1) fAcas = Coos fAeqr + hees Arws

Since Auws is a two valued variable (i.e. either zero or
the value required to drive the amplifier as necessary to
achieve full brake release) insofar as valve

uvoltage computation is concerned, it can be considered as
a current which can be added to Aeqz in Equation (Q3).

1f we define a current Aver , valve amplifier input
current, as:

(LW-1) AVﬂI: Aeqr + Hows

and treat this current like Aez. in equation (Q3) and if
we substitute equations {Q3) and (N7)" into equation (N5)
an equation for computing Ass is formulated for each cir-
cuit condition, Current Aps is then used in equation (N&4)
to compute EV. Table Al7 1lists the version of equation
(N5) which is to be used for computing current 4os for
each circuit condition,

Since the variables EG and VC1l are always used in the form
of their difference, we will define the difference as
equation (5)

(5) Ec-Voy = (Es-W,)

For the cases where the antiskid control circuit mathe-
matical model is used with the flywheel system or three
dimensional airplane systemp, the flywheel velocity, VF,

or the airplane velocity, X, as applicable, will be used

as the airplane speed reference circuit element. The

wheel speed comparison element will be described as follows:

(6) Aows = Co17 For VE>L6i8 nne £6 < Chr4
-0 For. Ve ECois 0R Eg 2 Coll
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Table Al8

Equation No.

(6a-1)
(6a-A1)
(6a-2)
(6a~-A2)
(6a-3)
(6a-A3)
(6a-~4)
(6a=44)
(6a-5)
(6a-6)

(6a-LW-1)
(6a-N3)

(6a=-N4)
(6a-N5-n)
(6a-N8-n)

Modulated Antiskid Circuit Equation Summary
(Sheet 1 of 2)

Equation
Vk|==_/rVGs¢if
Ver= Acy Coos
Vear f Vez dt
Vez= Acz Coor
Vs f Ves dt
%:3= Aes Coio
\%¢=‘/Pbé4 dt
Vet = Aca Con

(Eg-bb) = Fg~Veu

Arws ={cm For Ve > (615 ano Ea< (41t
O For VF (615 or Es 2011

-
—

AVﬁI = AEaz + Biws

Acz= {ﬂc«; ~V&2 G19-Aoag
“\- s Cuo - A 504

For Hes > O
FoR Bea €0

Ev= Abs Gs+Ceor
See Table A17

See Table Alg
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; Table Al8 Modulated Antiskid Circuit Equation Summary l.
E (Sheet 2 of 2) 4
|
Equation No, Equation 2
! 3
(6a-N10) Hrz=Peqz Larzy [EV-(&-%)][Z/;
(6a-N11) Ae1= Bog—Hes - Heal
(6a-N14) flez = AbaalcurAcq -Ve2Cei? roc Aeacod
; = ( A8QaCerg - VEzCoi3  mnficaz0
f (6a-Q2-n) See Table Al5
(6a-Q-1C) Aa:u: Cbo‘}-(déaf fog_ FOR (E:s-ch) L0
= Fok (E¢-Uey) =0
=0 I%n\/cz,i(’@/d-a(
: (6a-R10) Aoy =|(£a-Ye,)Lb2- Lol
§ FoR (g5-Vey) > Cé2/ /(z 20
: A0 pe ) € Ga 2,
(6a=VB) Vi = ViC2 Cn+ Acaz Coer - Csvo
(6a-Va4) Asaa =(Ves-Ver) Coan— (a3

Fr [%*Véz) > Cé'.?.f/('é'zz,
A0 e (V- 12,) £loa3/l4a2
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The conditions which define the circuit's mode of operation
at a particular instant are: (1) the current, AC4, into
capacitor Cq is either positive, negative or zero, (2) the
valve control amplifier is operating either in the cutoff
mode or in the amplification mode, and (3) the modulating
circuit element is either providing a pressure bias signal
3 or it is not. The valve amplifier condition is indicated

' by current Ac@z being equal to or less than €607 in the
cutoff mode and being greater than C607 in the amplification
mode, The pressure bias signal is indicated as existing
when voltage V2 is greater than zero and as not existing

: when V/# is equal to or less than zero.

Table Al8 summarizes the modulated antiskid circuit equations
and the equation flow diagram is shown on Figure A52,

B. Parameter Evaluation

Table Al9 lists the parameters defining the modulated
circuit's operation. The values for the constants are
computed from various circuit element characteristics
(resistance, capacitance, etc.) as described in reference

13 and in the semiconductor component manufacturers catalogs,
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6b. ON-OFF ANTISKID CONTROL CIRCUIT

Most aircraft on-off type antiskid systems operate accord-
ing to the functional block diagram shown on Figure AS53
The various functional elements may be electrical, mechani-
cal or a combination of electrical and mechanical devices.
If during braking the brake torque applied to the wheel
exceeds the amount which can be reacted by friction at the
tire-ground interface, the antiskid system operates to pre-
vent tire skids as follows. A wheel speed signal is pro-
vided to a deceleration detection element where the wheel's
deceleration rate is computed and compared to a threshold
value which is provided by a skid detection threshold ele-
ment, The deceleration detector produces a skid signal
whenever the wheel's deceleration rate exceeds the thres-
hold value, The wheel speed signal is also supplied to a
wheel speed reference element and a wheel speed camparison
element, The wheel speed reference element is a ''memory"
device which produces a "comparison index." The "compari-
son index" is the wheel's initial unbraked speed minus an
adjustment to account for the aircraft's deceleration. The
wheel speed comparison element compares wheel speed to the
“"comparison index" and produces a skid signal whenever the
wheel speed is less than the 'comparison index." The
deceleration detection element initiates a skid signal and
the wheel speed comparison element maintains the skid
signal until the wheel has regained most of its initial
speed. The skid signals from both the deceleration detec-
tion element and the wheel speed comparison element are
transmitted to a valve control element which acts to con-
trol the antiskid valve such that the brake is released
when a skid signal exists and the brake is applied when a
skid signal does not exist.

An electrical system of the form shown on Figure A54

or a mechanical device as shown on Figure A56 are the wost
comnon means used for implementing the on-off antiskid
system function,

Electrical On-0ff Antiskid System

Figure A54 1is a schematic diagram of the Goodyear elec-
trical on-off antiskid control circuit as used on the Lock-
heed F104 and General Dynamics B-58 aircraft. This circuit
accomplishes on-off antiskid control according to the pre-
ceding functional description as follows: The wheel spead
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(A) Schematic Diagram

(B) Mathematical Identific+tion Showing Transistors
and Diodes in Terms of their Equivalent Circuits

Figure A54 Electrical On-Off Antiskid Control Circuit ;
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indication element, a wheel driven D. C. tachometer
generator (GEN), supplies an input voltage EG which is
proportional to wheel speed. EG charges <apacitor Cl
through R5, Diode D1 and Resistance RG during wheel spine-
up. Capacitor Cl is both the deceleration detector and

the wheel speed reference element. For normal wheel decel-
eration rates, with no incipient skidding, the generator
voltage decreases relatively slowly and a small current
will flow from the positive side of Cl through R5 and
through D2 and R1l, (GEN) and RG to the negative side of

Cl. This current discharges Cl and causes its voltage to
closely follow EG. The amplifier comprised of R2, Ql, R3,
R4 and Q2 acts as the skid detection deceleration threshold
element, the wheel speed comparisom elemeat, and, in con-~
junction with relay K1, the valve control element. When
an incipient skid occurs, the generator voltage decreases
rapidly. RS and Rl limit the discharge current flow into
Cl so that the voltage at the positive side of Cl increases.
The value of the voltage at the positive side of Cl is pro-
portional to wheel deceleration rate. The amplifier charac-
teristics are set so that when the voltage at the positive
side of Cl is a value Vsor or greater, enough current flows
into the base of Q1 to cause Q2 to conduct sufficiently

for relay K1 to actuate. When relay Kl actuates the supply
voltage is applied to the antiskid valve coil LV. The
voltage across the antiskid valve coil, EV, is equal to the
supply voltage. Actuation of relay Kl also causes Rl to

be disconnected from ground so that the resistance in the
discharge path of Cl is increased to aid its action as a
wheel speed reference. Voltage Vsor is the skid detection
threshold, More modern versions of this circuit utilize
transistors to perform the function of relay Kl; however,
their operation is the same, Resistor R5 is the speed
reference adjustment element,

Atimespn ks (e poar




A-1 Electrical On~0ff Mathematical Description

The mathematical description z:I the electrical circuit's
operation is developed from Figure A54(b) which is the
schematic from Figure A54(a) with the trensictors and
diodes shown in tevms of their equivalent circuits and
the appropriate currents and voltaies identified.

The voltage across capacitor Cl is defined by:
(6b-1-1) Ve ’fVét dt
where (6b-1-Al) Vei = Aci Cros ( Cos < '/C')

@rrent ACl is established bv summing currents at node
as:

(6b=-1-N1) Ao = Aot + Are - Aoz

Using Ohm's law and summing voltages around the loop of
which RD1 is & part, current AD]1 is established as:

(6b-1-R1) Ao,

Ea- Ve —Em//?oi For (Eg-Ve-£5,) > O
O FOR (EG' "‘éf"Eﬂl)éO

To combine constants, write equation (6b-1-R1l) as:

¢
Ao = [EG—VC‘J Croe - (207 PR (Eg-Ve >6'7:a:

=0 FOR LEG- Vc;)é‘ £rer.

- PPA

Noting that because of diode D1, fioi is restricted to
positive values only.

In a similar manner, using Ohm's law and sumring voltages

around the loop containing R4, current Aas+ is established
A8

(6b-1-V2) /494- = L'Ea—l/cd/ﬁﬁt- OR ﬁﬁ#z(fs-léf)ci'ap

s




Summing currents at node N2 and notimg that because of
diode D2, curreat AD2 cannot be negative gives:

1§

(ob-1-N2) Aoz = Asa1 +Ary For ( A6a| rﬂm) 20

W

0 FoR (/48&14-/121)‘0

By Ohm's law the voltage across RD2 is

(6b'1‘V3) sz = HDZ« QDZ,

For the case where no skid signal exists and relay Kl is
not actuated, Rl is conmected to ground and a current
ARl may flow, Using Ohm's law and by summing voltages

around the loop Rl, D2, Cl and (GEN)) Ary 1s established
as:

(6b-1-V4) ARI = \/Cl"Eq "EOZ"‘l/OZ./Rl

Since the variables EG and VCl are always used in the
form of their difference, define the difference as:

(6b-1-3) Eq-vel) = Eg~Ve,

By substituting (6b-1-V3) and (6b-1-N2) into (6b-1-V4),

(6v-1-V4) "' Aer = (Ve,-£4 "532) _ Aear Koz
Roz + R Kos - R,

By summing currents at node @, current AEQl is

(61'.\'1‘“3) /qé'Ql = Hng + ﬁﬂ_«;‘

By swmming voltages around the loop containing R3 and the
base and emitter of Q2,

(6b-1-V5) O < Vka -Végz - Veagz
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Note: For Q2 the base-emitted junction
potential has been amitted to reduce
mathematical complexity. This is jus-
tified because whether or not Q2 is
conducting has negligible effect on
current Ac,.

By substituting (6b-1-N3) along with the Ohm's law
expressions Asaz < Vags /Reaz sve Aeqz = Viaz/Reaz
and the transistor characteristic Aag: - (4 +/) Asg2
into (6b=1-V5) and solving for Asgz ,

(6b-1-y53)? Asqz = Aeqi R3 _
Rogz + Rz + Rewy (hrey +/)

By substituting (6b-1-v¥5)' and {6b-1-N3) into the Ohm's
law expression |k7 = Ars K7

£3
+Rz1 + Reaa [bFz.ar/)

(6b-1-2) Ves = K3 F?Ear[/ E

By summing voltages around the loop R3, REQlLl, EQl, RBQl,
R2, RD2, C1 and (GEN)

(6b=1-V6) (= Vkz+Veqi +Eqy +Voa1 +Viz + Epz +Vo2 ~Ves + L

By substituting (6b-1-2) and (6b-1-V4) along with the
Ohm's law expressions Veg) = A=a: Rsaq) ) Vbar = Mo Roar and
Viez = Hag Rz and the transistor characteristic

Ay = (hreiri) Hbgu into (6b-1-V6) and solving for Ada::

(6b-1-V6) Fagr = (Ver-Es) Cros - oz rr (1{»‘,-&,)’%
=0 Fok /lé.—ﬁs)égmz'
7o/t

For the case where relay K1 is actuated and Rl is dis-
cornected from ground the same substitution is made except
that Vpz= Ase: Rez 1is used in place of equation (6b-1-V4Y.
For the actual circuit components used on the aircraft,

the resulting equation has coefficients that are negli-
gibly different from (6b-1-V6) '; therefore, equation
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(6b-1-v6) ' will be used for both cases.

The value of Asg which causes relay K1 to be actuated
is defined as, C700, tne skid detection threshold current.
From this definition and equation (6b-1-V4)'

Ll bl S Sl

(6b-1-V4=1) Ar) = (L/c,-Eg) Coop = (oo - /454; (o
i For Real <« Crop

= O Fox Agar 2 C zop

When relay Kl is not actuated EV = 0, when relay Kl is
actuated EV = VS; therefore,
(6b-1-EV) L= O ror  Adar < 700

5 Vs AR Aivt = C 700

The equation flow diagram for the electrical on-off con-
trol circuit is shown on Figure A55.

e gt il

B~1 Electrical On-0ff Parameter Evaluation

Table A20 1ists the parameters and their values as
applicable for the General Dynamics B-58 control circuit.
(The same circuit is used on the Lockheed F-104.)
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Mechanical On-0ff Antiskid Device

Figure A56 is a schematic drawing showing the operating
principles of a commonly used mechanical on-off antiskid
device of which the Hydroaire Hytrol Mk I and Dunlop
Maxaret units are typical examples. The device operates as
follows., The rotor (the wheel speed indication element) is
connected to the aircraft wheel by some positive means such
as a direct connection or zear train, etc., so that the
rotor's angular velocity s a constant ratio of aircraft
wheel speed. During spinup the motion of the rotor is
transmitted through the clutch to the drum, The clutch is
configured such that it is self-energizing for rotation in
the direction of wheel rotation associated with forward air-
piane motion, shown here as counterclockwise. Stop (DS1)
on the drum engages stop (FSl) on the flywheel, thereby
transmitting torque to cau:z the velocity of the flywheel
to be the same as the drum, The flywheel and the drum are
connected by spring (CA)and damper (DA). As the aircraft
wheel and rotor decelerate, a clockwise torque is trans-
mitted through the clutch to the drum and from the drum
through spring (CA) and damper (DA) to the flywheel. The
amount of this torque is proportional to the product of the
rotor's deceleration rate and the flywheel's inertia., The
torque compresses spring (CA) so that the flywheel moves
counterclockwise with respect to the drum, For steady
airplane wheel deceleration the amount of relative motion
between the flywheel and drnm is proportional to the decel-
eration raute. A suitable m( :hanism (usually a set of elec-
trical contact points or a «am device) connected between
the flywheel and drum causes a valve to be actuated so that
brake pressure is relieved whenever a pre-established amount
of relative motion occurs. The clutch is also configured
so that when the torque from the rotor to the drum is
clockwise, the torque capacity is limited to some slightly
greater amount than that required to initiate brake release,
If the rotor experiences greater deceleration than that
required to initiate brake release, the clutch slips and
allows the drum and flywheel to overrun the rotor. The
flywheel’s inertia reacted by the drag of the clutch main-
tains a torque on spring (CA) so that the relative motion
between the drum and flywheel (skid signal) is sustained
until the flywheel's kinetic energy is dissipated or

until the rotor has regained sufficient speed to eliminate
clutch slippage. For this device the flywheel's inertia
causing displacement of spring (CA) and damper (DA) is the
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Figure A56 Mechanical On-Off Antiskid Device
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deceleration detector element, the ¢lutch's overrunning
drag torque on the drum is the reference adjustment
element, the clutch is the wheel speed comparisor ele-
ment and the rotational kinetic energy cf the flywheel is
the wheel speed reference element.

A-2 Mechanical On-0ff Mathematical Description

The mathematical description of the mechanical on-off anti-
skid device is developed by referring to figure A56(B) which
defines the applicable parameters and shows flywheel stop :
(FS1) represented by a spring-damper system. Also, a ?
spring-damper system is added between the rotor and clutch
carrier to represent the small motion which actually occurs
during clutch operation.

At flywheel stop (FS1) there is a torque, TS, which is
exerted on the flywheel by the drum, if drum stop (DS1) \
is in contact with FS1. If the mass of FS1 is considered "
small in comparison to the stop spring (CS) and stop dam- ‘
per (DS) then, setting the sum of torques on FS1 at zero:

(6b-2-1) Ts = Cs (%-Y)-0sY |

Where Cs(%-¥) is the stop spring torque, (- Os¥) is the
stop damper torque and ), is the free length of spring CS.

Since TS results from a contact force, it cannot be less
than zero; therefore, if Y+(6p-6¢) 1is less than ©rs
then TS = 0. Rewriting equation (1) solving for ¥ gives:

(6b-2-2) Y= cs(%-0-Ts/ 0s
Y is then established by:
(6b=-2-3) Y= ] Y dt

Y as computed from (6b-4-2) and (6b-2-3) is compared to
Grs-{Bo-6¢) to establish 15, If TS is other than zero, it is
ccaputed from (6b-2-1) using ¥ = Ors -(50-G€) ané ¥z -(Sp-&9).

279

bmm s ol e A e Sk, Lt —



Substituting the above expressions for ¥ and Y into
(6b~2=1) gives:

(6b-2-1-1) TS = CS[ . - O+ (05-0)] + 05 (60-8¢)
FoR [ Y+ (6o-6F) ~Ors] 20
= O For LY+ (6p ~&¢) 'snj <O

Sunming torques on the flywheel gives:

(6b=2-4)  Sp = [ Ts + CalO0-6) +Da(Sp -5¢)] /w:w

Sumiing torquas on the drum gives:

(6b=2-5) Sy = (-Ts =Ca(0-8¢) -0 (én-éF)*T"-]/WU

Where Tc is the clutch torque.
Subtracting (6b=-2-4) from (6b-2-5) results in:
(65-26) (8o-&0) = (s wmz ) [~ 7 ~Co (80 -60)-Lalbr-6,)]

+7Z'/Wo

By integrating (6b-2-6) twice, (Go-SF)
and {6,-©,) are established as

(6b=2-7) (éu'éﬂ = [(éo-éa’) dk
(6b-2-8) [90-—95:) = f(én-éﬁ)df

Substituting values for (&,-9:) and (G,-&r) computed from
(6b-2-7) and (6b-2-8) into equation (6b-2-4) and integrating
once establishes ©¢ as follows:

(6b-2-9) =1 =fér- dt
Combining the results from (6b-2-7) and (6b-2-9) establishes
SGp as:

(6b=2-10) So = (60-6F) + O
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The clutch will now be examined.

The torque exerted on the clutch carrier by the rotor, Tc,
is defined by:

(6b-2-11) Te= Cc (6r-80) + D (Br-6¢)

1f, as for the flywheel stop, it is assumed that the clutch
carrier inertia is negligibly small, the torque betweean the
clutch and the drum equals the torque between the rotor

and the clutch carvier. In this case equation (6b-2-11) may
be solved for (©r-Sc) and by integrating once (©r-&.) is
obtained:

(6H-2-12) (©r-6¢)= f (Sr-S) dt

Where (6:-S:) is obtained from the following version of
(6b-2-11)

(6b-2~-11-1) (Sr - Gx) ['Tc - Ce (Gr-E%) /Dc_

It follows that:

(6b=2-13) S¢ = Sr - (Sr -

1f the clutch is configured so that there is no slipping |
for counterclockwise torque on the drum, Sc must equal So
and ary difference between &r and &, must be relative
velocity between the clutch carrier and the rotor (i.e.
Sr-8c). If Spis substituted for &c in equation (6b-2-11)
then the resulting equation can be used to compute the
torque required to force Sc to be equal to Sp . There-
fore, making this substitution,

(6b=-2-11-2) Te= Cc(®r-8:) + Dc (G -Sp)

Equation (6b~2~-11-2) adequately describes the component

of clutch torque due tc¢ relative velocity; however, the
component due to relative displacement is not satisfactor-
ily described because the torque direction is independent
of relative position. To compute the clutch torque for
all conditions, equation (6b-2-11-2) will be modified and
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a procedure for establishing the clutch condition will be
defined., The clutch condition is established by the tor~
que direction. The torque direction is determined by exam-
ining the direction the drum is attempting to move relative
to the clutch, The direction of the .-um's attempted move~
ment relative to the clutch is established by comparing the
drum velocity, ®p , to the velocity, @ew, of a hypothetical
or "index" clutch, The "index'" clutch will be permitted to
have slight slippage on the drum for counterclockwise
torque so that there is a preceivable circumstance to
indicate torque direction. To describe the ''index'" clutch
motion relative to the rotor, equation (6b-2-11-1) is
modified by substituting &« and Scn for Gc and S, as
follows:

(6b=2+11-14) (62-6ci = [ Te - Co(@e-0en)] / De

The clutch torque,1c , is defined by equation (6b-2+11-3).
(Gq-Ocv) is obtained from equation (6b-2-12) and Gcw is
then established from equation (6b-2-~13), noting that in
each case ©« and &c» are used in place of & and &¢ .

The clutch condition is established by the difference
between ©cu and &% as follows:

For (Bcu-60) >0 Clutch torque is positive on the
drum (clutch attempting to have
positive velocity with respect
to drum)

For (Gen —é)g) =0 Clutch is not actempting to
move relative to drum

For (6:4-8,) <O Clutch torque is negative on
the drum. (Drum is attempting
to have positive velocity with
respect to clutch),

Now that the clutch condition is defined, equation (6b-2-11-
2) is modified so that the torque direction is established

by the direction of relative velocity between the drum and
the clutch as follows:
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(6b-2-11-3) Te = Ge  Ghu-6o) | Cc (6p-&)| + D (Sr -E0)

A G:(ém-é,,Hcc(ea-scu)]*octéwéo)% >Coso

= C?j’o
FE){,GC(S'CH -&Ce (Gh-ﬁbn)l’-‘ Dc (én-éa)t < Caso

The function G¢<{&cy-6p is defined as foilows:

tt

(6b-2-14) Ge (écn-é0> +LO  For (QEH“@'D) >0

|

O For (Genw-6p) 70O

= k0 ok (Gen-8p) < O

The constant C750 is the value of clutch drag torque when
the drum is overrunning the clutch,

The amount of relative motion between the flywheel and drum
(©,-5-) 1s the skid signal. To be compatible with the
electrical antiskid control circuits, assume the skid

signal is produced by a set of electrical contact points;
therefore,

(6b-2-15) Eve Vs For (©,-©) = C7s/
= O FoR (&0 -&r) < C 757
C75L is the skid detection threshold value of (©p-6F)

Also, for competibility with the other parts of the

analysis, let the input be derived from the wheel speed
sensor output, EG, as follows:

(6b-2-16) Or= C752 Eg

C752 is the conversion coefficient. The equation flow

diagram for the mechanical on-off antiskid device is
shown on Figure AS56a.

B-2 Mechanical On-0ff Parameter Evaluation

No parameter evaluation has been accomplished for the

mechanical on-off device because it is not applicable to
the aircraft being considered.
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7. ANTISKID CONTROL VALVE

Alircraft antiskid control systems typically utilize a two-
stage electrically operated pressure control valve. The
first stage contains an electro-mechanical device such as

a torque motor, solenoid or linear force motor which posi-
tions a hydraulic flow regulating element (flapper, nozzle
or spool) such that a control pressure is produced. The
control pressure is a function of the valve input pressure
and the electrical input signal. The first stage control
pressure is applied to the second stage hydraulic flow
controlling power spool., The second stage spool is posi-
tioned by forces produced by the control pressure and valve
output pressure in a manner such that output pressure is
controlled in proportiom to the first stage comntrol pressure,

A, Mathematical Description

First Stage

The function of the first stage can be described mathe-
matically by considering the control pressure producing
element to be a ringle degree of freedom damped spring
mass system as shown in Figure A57 acted upon by a force,
Fev , proportional to the electrical input signal.

(7'1) ch= Csev Ev
::
Cse -
e
YWY ’
F%f —  Wse #
T
Dse 7

. T

Figure AS57 First Stage Spring Mass System
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The first scage control pressure, Psc , is defined as a
function of the mass position, Xs¢ , according to Figure A58.

i Xsc is established by equation (7.2) which results from
f summing forces on the first stage mass, Wsc.
1 y
X _ Cv. C-‘c 0;‘; .
7 '2) x.fc - T — s¢ -
3 ( Wise wWise Kse Wise XJ-C
L0
| ;
1 I
£ | :
* I 4
| !
] | ;
I 3
s I ;
| 2 |
E I ;
! | ]
' | I 1
4 a
1 1 ]
o Xsem Xsce 4
FIRST S7TAGE MASS POs/7/EN, Xsc

Figure A58 First Stage Control Pressure - Mass Position

Relationship :
(7.3) /o_t,‘c = Rse (pMV"pCWej + Peve |
(7.48)  Rs¢ = (1.0 E Kse & Xsem

= Xser-Asc 7 Xsem < Xsc ‘-Xsc;z
Xscr- Xsem

= O IF XJ‘C = /YSCJ'E

]
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Second Stage

The physical arrangement of the F-1ll1 antiskid valve second
stage is shown schematically in Figure A59. Most other
antiskid valves have the same operating principles.

INLET
CAVITY

S\

POSITIONTNG — bt Xew
SPRI..G

l J
32
<

]
1
]
;
'
'
'
'
)
(I
b
|
pas]
<

Figure A59 Antiskid valve Second Stage

As described in the hydraulic system, the metering valve
output pressure, v, is supplied to the antiskid control
valve second stage inlet.
displaced in a positive direction a fluid passage opens
permitting hydraulic flow from the metering valve to the
antiskid valve outlet cavity.
is displ.ced in a negative direction a fluid passage opens
permitting hydraulic flow from the outlet cavity to return.
Therefore, the cecond stage spool position defines the
nydraulic flow areas.

and economy, two options for establishing the second stage
spool position are provided,

When the second stage spool is

When the second stage spool

To permit computation flexibility
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Option No, 1

E‘ For Option No. 1 the second stage spool position, Acv , is

1 established by equation (7.5) which results from summing
forces on the spool mass, Wcv . Figure A60 shows a schematic
of & single degree of freedom damped spring mass system
representing the antiskid valve second stage spool. Springs,
Ccevs , and dampers, Jcvs , are stops representing the
spool's longitudinal restraing caused by its contact with
the valve body, The forczs acting on the second stage spool
are the positioning spring force, damping force, stop forces
and forces due to outlet cavity pressure, Atv, and first
stage control pressure, ~5C . 3

TRy

.

CVoR
Xev -

Cev b |
ﬁ = AAAA ‘ # ‘
cyYy L/
/] _EE, = /
/ A Pev %
/ SCCVPR Wey _-EE_:;E:faﬁ:;
4 #
, SR FsA %
F L
y /
/ /
/ L/
/ 4
P s
/

Figure A60 Second Stage Spool Forces

Summing forces on the second stage spool gives: |

(7.5) Xcv = [(Psc)(ﬂcme)‘(pcv)(/qcvpﬂ)] / Wev
+ (Kevo-Xev) CCV/WCV' ).(c\/('ﬂcv)/Wcu
+ F.m/ch - F.S'A/WCV

Integrating twice gives

(7.6) )(CV fxc,,d**




TR W

@D Xew= fkc./ dt

In equation (7.5) the forces F54 and S are the forces
between the spool and the stops. Since the stop forces are
contact forces, they cannot be less than zero. Forces AZs54
and Fs# are defined as follows:

(7.8) Fsa=0 ) R Aev € Xsa

Fsa= Cevs(Xsa - Ssa) + Xev Devs , PR Xev >Xsa

(7.9) Fsr=0 ) FOR (Kev -Sev)® Xre

2
~se = Cevs { Sse 'XSR) -Xev DCVJ} FoR (Xcv-&vz)‘)(se
In equation (7.9),50/1. s 1is the spool length and 55‘}2 is
the undflected position of stop,Sg . The positions of the
spool stops, XS» and Xs# , are established as follows:
Let the mass of the stop in the brake application direction

of spool movement, S& , be zero. Therefore, summing forces
on S4 and solving for Xsa gives:

(7.10) ;(SH - [ Fsna -(}(5,4 --S}m) Ccv:] /Da/.s'

In equations (7.8) and (7.10), Ss4 is the undeflected
position of stop,SA. It follows that:

710 Xp = f;(-fﬂ dt

Using the same procedure as above for the stop in the brake
release direction of spool movement,Sg ;

(7.12) )?g,q = [Ccvs(im ‘—Xm) - FSﬂ]/D:VI

And it follows that:
. ¢
(7.13) XsR ‘-‘-_[Xs:e 6“.
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The hydraulic system contains provision for leakage flow
associated with first stage pressure regulation and spool
fit., Since these small flows have no effect on the valve's
performance in the case under consideration, they have not
been computed. Therefore, the following equations apply:

040 Qey, =0
(7.15) QCI/L.‘-'()
(7.16) @ch; 2 0

Figure A6l shows the Option No., 1 Control Valve Eg:ation
Flow Diagram.

Option No. 2

Since the time interval which elapses during second stage
spool movement from one extreme position to the other is
very short in comparison with overall control valve res-
ponse time and since all of the control valve lag can be
accounted for in the first stage, the second stage spool
position, XCV , can be established as a function of the
direction of pressure differential thusly:

(.17 Xev=0 s { Pev-Pevs) = Fre
Xev = +Seve ok { Aov-Prvis) < Pre
XCV? ~Sewo /=oR (@V—/%yg}r\‘%c

in equation (7.17) Scvo is the second stage spool position
for full flow area as described in the hydraulic system and
Zcva is the second stage apparent bias pressure equivalent
to the positioning spring force,

Figure A62 is the Equation Flow Diagraxz for Option No. 2.
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B. Parameter Evaluation

The parameters used for describing the antiskid valve's
first stage behavior are established from measured fre-
quency response performance characteristics along with some
features of its physical construction. Frequency response
test results from the F-111 antiskid valve show 25 degrees
phase lag at 5 cps. From various experiments it is known
that the first stage accounts for most of the phase lag.
The F-111 valve's approximate 700 cps undamped natural
frequency is quite high compared to a more usual 100 cps
value. Since antiskid operaiion is generally 10 cps or
less and since the low frequency phace lag cer be accu-
rately described with a lower natural frequencv system, an
undamped natural frequency of 100 cps will be used to mini-
mize computation difficulty.

Coefficients Csev and Cse are set arbitrarily so that -tatic
vzilues of Xse will be compatible with values of Xs.. und
Xsce (which are also arbitrarily chosen) and the proper
valve voltage - output pressure relationship is achieved.

In this example the following values are assigned:

Csev = 1.2 16F ftort

Csc = /.0 tbF/1mcw
(7.14) Xsem = Fbo invenes

XScz s YL wenes

For 100 cps (628 Rap /sec ) undamped natural frequency and
Cse =10 ibe/iw » the mass Ws. is computed from (Whal*= Cic/Wic

(7.15) WJ‘:- = Z-{‘# 4'/0-6/45{- See*/in

Using the equations relating natural frequency and phase
angie listed in the wheel speed sensor parameter evaluation
and assuming the first stage has 20 degrees phase lag at

5 cps, the damping factor is established as 7.é3 . For

the values of Wse and (Csc above this damping factor
results in:

(7.16) Dse = /1.6 x10°% 14 Jec/}dw
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The area, Acve, the stop clearances, Seva and Seva , and the
mass of the second stage spool, Wev, are computed from the
spool's physical dimensions as shown on the valve drawing.

AC’VP = O OF v &

Wev = 4/.5)(10—61109 .[ec.’/h"
(7.17) Sova = 0.037 HMew 1
3 Save = 0.07 IANCH :

The positioning spring rate,CcV, and spool damping coeffij-
cien” were established based on the vzlve's transient 3
response characteristic where it was observed that a 50 cps
about .5 critically damped transient pressure oscillation

appeared. From this observation §
Ccy:. 4.0 /AF//M ]
(7.18)  Dcv~ /3.0 x107% [bF sec Jow ]

The stop Spring,Ccv.f » and damper, Devs ,» characteristics i
are arbitrarily chosen to be as high as possible within
computa:ion capability.

Cevs = S000 [h#/in
(7.19) Qcvs = 50 /t4fsec jov

The undeflected positioning spring lenzgth was computed
assuming it produced approximately the same force on the
valve spool as 25 PSI pressure differential.

(1.20) Xeve = 0.2 iwen
Table A2l lists the parameters and their values which are
applicable to the F-lll antiskid control valve. For

Option 1 mathematical description and Table A22 lists the
parameters which are applicable tc Option 2,
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8. HORIZONTAL TAIL CONTROL

in the 3 degree and 6 degree airplane models, the tail
position can be controlled by two different means. The
first is simply to require that the horizontal tail rotation
be fixed at some value Syr. The second is to fix the input
commands Sggr and F,, and then let the stability
augmentation system adjust the tail setting Syr.

A. Mathematical Description

Figure A63 shows a control system representation of the
stability augmentation system.

SEST
é [+B.°g + Bzo 52 R; Rz GP R; i R‘I-.' Ps i SHT
t+Bys +Bys2] T | 14 Bas 1+ Bus+B.s*| ' 1= [14Bgys
R P
£ GCA SSTK GFP Fx
system constraints R

-36%ec &£ Sur % 36Ysez
‘25"‘-‘-‘5“75 150

Figure A63  Stability Augmentation System

Using figure A63 as a guide, the following equarions describe
the stability augmentation system.

(8.1) Ssre = Grp Fox
Where Fpx is the force exerted by the pilot on the stick.

(8.2) R = GCA SSTK
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Let Ug and Uge be defined by

(8.3) Ug = (a%e)fc':: dt

(8.4) u,,,q:fug dt
Also, let Up, and Upgy be defined by
(8.5) Uy, =f£2,dt
(6.6) Uge, =fu.,z,dt
Then
(8.7) K, = (HQQ +BolUqgt Bzo(:\)"u.em -B, u;.zl)/Bu
(8.8) k.= R, - K,
Let Ugy ,Upy ,Upps , Upe , and Uppe be defined by
(8.9) Uy, :fIS,.At
(8.10) U rs < fﬁ’sdt
(8.11) Uppy :fuzadt
(8.12) Ugy = JRyar
(8.13) Upgs = _/lf.mdt
Then

(8.14) Ry = {(Gplgy ~Ues)  ©pa

(8.15) Qd. = (uJZRB - “_224 - B|4 Lle4 )-’/ 824.
(8.16) Fs = K4 * Spor ~ Sere

Because cof rate and position 'imits, the equations
that describe S5,. in terms of Ps nust be modified to
reflect these limits, Let S,4y, be defined by

(8.17) S pn = Re-S,) B,

— BT
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Then

(8.18) Sum = ( Syrpmx i3 Spre > Opvpomy
SutpP ¥ = Snuromx £ Syre € Syromx
~ SHrDmx t¥ Spre ¢ - Spromx

(8.19) Sy = minfo.o, Suri} i+ Sur 2 Swrmax
Shri i¥ Swrmtn < Sut < Sprmax

ma.xzc-o,SHT-} i+ Sut ¢ SprmIn

Finally the stick position Fpx may be positioned as
a function of time by specifying two times and two loads.

(8.20) Fex = | © it Tpxz ¢ Tex
Frxy it T € Tpxy < Toxa
Fexa it Texi< Toxa 2 T
Frxi + (Fexa = Foxt J(T=Tpxs Y/ (Toxz - Toxs)
LY it Texy ¢« T <« Tpxz

B. Parameter Evaluation

The values for the F-111A system parameters are listed

in Table A23. 1In using this system for a braking problem
the usual procedure is to first choose a steadystate
value for Sur(Surss). Set Suro = Suss ® Sest and set

Fexzo (Texiz Tpx2a=0) .

Set all other initial conditions to zero.
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9a. RUNWAY SYSTEM (FLYWHEEL AND 3 DEGREE)

Tivis runway system is essentially the same as the runway
system for the 6 degree. In fact, the relation between
the two is given by Z¢pdx? = Zgpd%,0) and

Zeppln) = Zepplx.0) . Even though this system is like
the 0 degree system, the equations are listed below which
take advantage of the fact that it takes less computer
time to calculate Zgpdx> than Zeplx,0) .

The data describing the runway is in tabular form and
consists of runway elevation values as shown in table A25
as described in discussion of the 6 degree runway system.
The data is from the center strip from station 4574 to
station 6574,

A. Mathematical Description

Let Hpcl) , 1= 1,2, -+ 4100l denote the elevations

at two foot intervals. As an exauple, Hpc (5) = 3,686

If » is a distance measured down the runway where x

is in inches, then =z = Zgpdx> and w= Zgpplx)
correspond to the elevation in inches and the slope in
inches per inch. The va'ues for # and w are determined
as outlined below. The iunction Zsp will have the pro-
perty that Z p<e> = o.

Let X eo be a constant such that o< X pn¢ 2000.
The input X,,- in feet is derived from x cuch
that o0 ¢ X, gp ¢ 2000 and for some integer k

(9&.1) XLQF = XLRO + 'x/h’. - 2000 k

Let n be an integer such that 2(n-:)%¢ X_ps < 2n
and define Z,., by

(ga. 2) ZGCO = ch(n) + (HEC(H'H) = HEC(n))( XLeo"Zh‘i‘a)/z
If m is an integer such that 2(m-1)% X g < 2m
then 2 and w are given by

(9a.3) z = l2(Hn,cfm)"'(ch(mﬂ)-HQc(m))(XLgp -zm+z)/2 - cho)

(9a.4) w = (Hectmer) = Hacom)/2

305

EES




(#£69 01 #H{GH *els ‘193Uad DSN) WEISAS Lemunl 29139p 9 I P YTV ITqRY 29§ M

oy Jue3ISUCD BY3 WOIJ PIUTWIIISQ 1
X 4 F paut *

| - o T |
“ IYSTIy woIIDIICD *11 > | _u,,_m,H
m % ' uoljeaaTo Lemuny ‘ur | 3%? “. E 2
| 91170ad Awmuni uo uorjrsod SIUTULD 313( 34 i , A _ S 4 i
m aTTjead Semauny uo _ : “
| !
m (p = swry 3e) 3urod Surldels saurwWIaIa( *3d 00 > _ OF |
! Aepmuny umo( 20uUBISIA uil ! (1A = “
_, (<x7¢99z =m) x 3e 2dofS Kemuny ug/ul (o)A ™ ‘
W a71F0ad uorIensTy Kemuny I93us) | ‘34 ek 2 (128
b i i - ]
NOIIJI¥DSAA SLINA | ANTVA HdAL TOTHAS :
{ (@228aa ¢ pue Ta°YmATd) SsIsddumivd waIsAS Lemuny #HZv a1qel
k

- X Dot s o ctte s el et i i etk PR PR i i L e i = v it i at e R




P T TR P T g _

9b. RUNWAY SYSTEM (6 DEGREE)

The runway system is not actually a “system" in the same
sengse as the brake system, for example. The runway system
is simply a function called by the airplane system to
supply values for ground slope and elevation. The data
describing the runway is in tabular form and consists of
runway elevation values as shown in Table A25. Except for
a slight modification, the data in Table A25 is taken from
station 4574 to station 6574 of runway 25 from reference ll.
The left elevations and right elevations are 10 ft. to the
left and 10 ft. to the right of center respectively. The
elevations have been modified slightly so that the eleva-
tions at station 4574 match those as station 6574. This
is done to provide an essentially '"endless" runway by
repeated use of a basic 2000 ft. strip.

A. Mathematical Description

Let H (D) , Hgetd , Hgid, i=1,2, ---, 1001 denote the
elevativns at two foot increments of the right, center,
and left runway strips respectively. As an example,

He (1) =« 9,550 and Hgc(s) = 9,686, If x is a distance
measured down the runway, and y is a distance measured
out from the center of the runway where x and 7y are in
inches, then z = Zgp(x,u)> and w= Zepplx,yd
correspond to the elevation in inches and the slope in
inches per inch., The values for z &and w are determined
as outlined below. The function Z;,will be chosen in such
a way that Z..<0,x> = 0.0 inches.

Let X._zr and Y,,- be the inputs in feet. Thus,
(9c11) yl.gp = 'LS/'Z
Let X, no be a constant such that 0 < X, oo < 2000. X_pw
is a number such that 0< X.er < 2000 and which also satis~
fies the following equation for some integer K.

(9¢.2) X pp = Xipo + %/12 — 2000 K
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Now let n be an integer such that 2(n -1) ¢ X, zo < 2n.
Define €ero, Zoco, Earo @8 follows:
(9¢.3) Zepo = H,mrn)*-é(Hm(mn-Hucm)( XL2°-1n+z)
(9¢c.4) Zgeo = Hpetm +-‘i(HEC(ml)-ch(n))(x._m—zn*z)

(9¢.5) Zoro = Ho tm + L (Hprtnin- Ho (m)( Xigo-2n+2)

Now let m be an integer such that 2(m-1) & X, .- < 2m
Define Zoex, Zocx , and Zg .« as follows:

(9¢.6) Zepx = Hpptm) +é(Hm(m+:) -Hepm))(X er —2m+2) - Zero
(9c. 7)260{ E ch_(nﬂ +é(ch(nﬂl)‘Hac<m))(xLzr: '2”)"'2.) = Ecc(,
(9(:.3) Z@;_x = HQL(M) + LZ(HEL(VVHH ‘HEL(M))(XLZF -2m +Z.) = ZSI.O

1f Yieg 20 3 then

(9¢.10) = 12 ( Zgex + (zsthzecx)(yuz#/io)

n

(yLec/ZO)( Hep (met) - Hg;a(_m)"' HRchH) *.-HQc(m))
+ 'é ( Hoc tim#1) - Hpetm))
I1f Y.er<o , then

(9c.12) z = 'Z(Zc;cx*‘(ZGCx‘Z-eLx)(yLeF/iO)

(9¢c.11) w

(90.13) w = ( YLQF/ZO)(HQC(M'H)-HQL(M) 'H,QLSMH)'}HQ_L(W\J)
"'%-_( Hp_c(m*l) "Hqc(m))

3ce

T T T R Py PRSP LT LU N Rt Gl ol Ll S et




Table A25 Three Track Elevation Profiles

(Stations and elevations are in feet) §

(Sheet 1 of 6)

ELEVATION
STATION

LEFT CENTER RIGHT
4574 9,597 9,703 9.593
4576 9.596 9,699 9.586
4578 9,593 9,696 9,581
4580 9.590 ¢.696 9,580
4582 9.590 %.686 9,580 i
4584 | 9,589 9,696 9,622
4586 9.580 9,688 9,629
4588 9.574 i 9,685 9.625
4590 9,570 | 9,686 9,616
4592 9,563 | 9,693 9,622
4594 9,564 9,704 9.634
4596 9,563 9,692 9,616
4598 9,556 9,676 9,611 .
4600 9,558 9.676 9,613 ;
4602 9,592 9,694 9,612 i
4604 9,59% 9.699 0,627 | j
4606 9,595 9,711 ¢, 641 s
4608 9,600 9,704 9,601 j
4610 9,604 9.703 9,605 1
4612 9,594 9,696 9,602 5
4614 9,585 9,697 9.606 ;
4616 9,572 9.699 9,608
4618 9,569 9,702 9,607

|
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Table A25 Three Track Elevation Profiles

(Stations and elevations are in feet)
(Sheet 2 of 6)

E Klevetion ¥ .- Zlevetion [ ¥levetion
tio t1i0n e Station
Left Centur Right Left Center Right Left Center kight
4620 9.565 697 94521 478 13 P.667 Fe 567 4909 9.590 9. 716 | 9.603
4622 | 9.572% 9.6%8 | 9.630 ) | ave2| 9.560 | 9.668 ] 9.5641 ]| 490*! 9.593]| 9.714| 9.582
4824 9.578 | 9.677 .53 4764 ] 9.%6) 9.688 ]| 9.561 4904 9593 9. N7 9.585%
4626 | 9.583 ] 9,687 | 9.5%89 AT66 ] 9,565 ) 9.676 ] 9.%58 4906 | 9.598| o.71s| 9.i380
A28 | 9.583 F 9.69) 9.53 4768 D567 | . 9.6T6 ] 9587 4908 9. 591 2. 711 9. 584
L1x's 9.583 | 9.68] 9. 593 STTI ] .9.863 | 9.56% [ 9.584 4910 9589 ©.7L6 9.572
4632 9,584 9.694 Q5T | _FATT2 1 9,551 9.640 9,557 4912 9.589 9. 7173 9. 585
4634 | 9.591 | 9.699 ] 9.6% | _1a7T0} 9.563 | 9,573 1 9.561 ] I 4914} 9.592] 9,712| 9.581
45636 1 9.593 9,658 9.601 ATTE {- 5.565 | 9.6T7T6] 9.561 4915 9.588 9.711 9.58%
4638 9. 594 9.693 9.537 ATTS F.554 9.677 9.567 49119 9.587 9.71a 9. 592
464 9.5 9.691 9.51% 4782 §. 540 9.678 9,574 4 4920 9,589 3,705 9,585 E
4642 9. %88} 9,871 9.528 4782 F.45T ] 9.678 ) 9.57% 4922 9.586 9.,436| 9.578 3
644 | 9.586 1 9.4607 9,559 478461 9.552 | 9,583 ] 9.5T4 ]l | 4924 9,588 9.68% 9.5%76 i
4546 | 9.%%4] 9,667 | 9.53) | § 4786 ) 9.554) 9.685] 9.580] | 4926 9.589] 9.495]| 9.572 3
4548 | 9.583 | 9,408 9.569 4788 9571 9.582 ) 3.536 4923 ?.585 9,721 9.571 A
44657 9.568 ] .47} 9.557 AT9) 9,572 9.703 | 9.587 4930 9.58%6 9.702 .57 S
4652 1 9.573 | 9.669 | 9.589 4792 9.573 ] 9.702] 9.531 4932 9.5930 9.711] 9.571 9
4554 1 9.574 ] 9,674 | 9,559 4794 ] 9,580 | 9.704 ]| 9,596 ) | 4934 9.594] 9.797} 9.%68 i
4656 9.572 9.681 9554 4798] 9.%82 ]| 9.703 | 9.597 4936 9.590 9.699 9.569 f
4558 | 9.565 | 2.665 | 9.557T 7 [ eTe] 9.576)_ 9.702. 1 9,588 | 4938] 9.590| 9.892| 9.%587 ]
4660 § %5TI] 9.6% | 9.564 | [ 85971 9,567 ] 9.69T] 9.590 4940 9.588] 9.684) 9.566
4662 9.573 ] 9,659 9.561 %802 %.580)  9.696 ] 9,585 4942 9.583 3.6871 9.57) 4
4664 e8¢ 9.6T4 9.554 %92% 9.553 ] 9.699 9.593 | 4944 ) ©.581 9 683 9. 566 E
W66 | 9.514 ) 5,809 9.569 4826 9590 ] 9.T3% ] 9.%588 4946 | 9.582 7.682 F.562 1
4668 2.572 1 %9.8T7 9.555% 4538 9.%3021 9.695 | 9.585 4948 9.580 9. 692 9. 567 ‘!
4370 | 9.87TT| 9.677 | 9.554 4319 ] 9.588] 9,594 9.519| | 4950 9.578} 9.679) 9.569 -
A8T2 ] 9.5T71 ] 9.694 | 9.974 48121 9.555] 9.697|_09,%81 4952 9.,5v4| 9.878| 9.57%8 4
Ah6T4H | 9.562] 9.49 9.551 4514 ] 9.581 ] 9,698 ; 9.5%) 4954 9,571 9,887 9.578
4475 | 9.571 9.685 9.587 4816 9.578). 9,700 | 9.583 ] | 4956 9.575% 9.682 9.579
4478 9577 F &M 9.531 4518 9.579 9,693 9,579 4958| 9.581 9.689 9. 585 4
44680 9,576 9.687 9.595 482nd 9.572 9. 685 9.578 ] 49560 | L 9.581 F.686 9,581
4502 1 9.554 1 7.631 | 9.593 45221 9.536) 9.679 ] 9.574 4962| 9.%82| 9. &78| 9.58% E
460 4 9.564] 9.6 9.587 324 2509 %OTH | 9.5T4 4964 9.583 3.695% 9.589
4686 | 9.5%5 9.692 9.3538 %826 9.589 ] _ 9,680 ] 9.568] | 4986 9. 580 9% 699 9. 588 k
4688 9.569] 9,887 9. 59¢ %824 9.5 9.586 9.571 4968 9,576 9,709 9.5a7 1
443) 9.571 9.656 9.5% %832 9.%93 9. 639 9. 574 4970 Fe5TH 9.696 | 9.585
4692 | 9,578 9.68% | 9,537 %53 9535 9.508% 9.581 4972 9.5T6] 9.685 9.585
4694 ] 9,578 ) 9.7 9. 597 __&3}_5_{ . 9:596] 9.693 [ _9,585) | 4974)] 9.5T 9.682 9.584
4694 %577 9.893 9.4)2 4836 1 9,595 ], 9.595 | 9594 . 4976 ] _9.5T6 9.69¢ 9 579
4638 ] 9.555 ) 94733 | 9.0%6 ¢ ] 48387 9,590 9.698] 9,599 4978 ] 9,576 9.685[ 9.58)
AT00 F 9579 9.694 ] 9.531 | ] a583] 9,590 ] 9.708 ] 9,603] . | 4980] 9.573] 9.679| 9.583 :
ATN2F 95671 9,696 1 9.8670. 4B42 ] 9.5%8] 9, T7T)0 | 9,598 [.4982]_ 9,58) 9.8678 9.584 1
4mal 9.557] 9.1 | 9.573 4844 | 9,586 _9.704 | 9.%596] | 4934 9.3719] 9691 | 9.992 1
ATNE | 9,571 9.707 92996 | _| A8ab ]| 9,391 ] 9,469] | 9,.5_?]’ 49886 9.585% 9,698 9.591 4
ATOBD | 9.57T)] 9.T™ 9:5)) ] R ABAS ] 9.591 ] 9.5689| 9,594 | 4988 9.59) 9. 695 9.595
4T10 9.568 9.6% % 598 4830 | v.58 9,595 | 9595 4390 9.590 9.699 9.589
4712 9.5%6 | 9.69 9.535 89521 _9.579] 9.69% | 9,598 4992 9.389 9.689] 9.591
4714 9,562 9.695 9.593 4554 | 9, 57T _9.583 ] 9.53%% 4994 9.593 9.695 9.592
ATLA | %558 9.891 9.59% 4856 | . 9.58. | 9.693] 9.%95 4996 9.597 9. 704 9.597
4718 9. 567 9.698 | 9.531 .1 4358 9,506 ] 9.896 | 9.573 4998 ?.598 9,709 9. 590
ATRY | 9.5621 9.691 | 9.593 1 | 4840 9508 9,694 | 9.587) | 5007| 9.603] 9,702 9.59%
4722 | 9.55% 9.6%% 9.533 %9621 9,591 | 9.09D] 9.%85] | 5002 9. 602 9. 715 9.602
AT24 ] 9.585] 9.658 ] 9,592 | | 4864 ] 9.535)] 9.68c ] 9.595] | 5004 9.s08| 9.703| 9.s1¢ i
AT26 ] 9.555 | 7,607 [ 9.532| . ] #986 | 9.595]_9.683 ] 9,402 5106] 9.607] 9,724} 9. 609 i
AT28 ] 9.5T6| 9.690 } 9.59% AB681 9, 5% . %6801 9.8 5008 9.835( 9.728 | 9.8&10
ATIO | 9.5%7 ] 9.693 | 9.5%2 1 1 490 | 9,589} _9.692.1_ 9.60% L-f 30101 9.608] 9,730 9.61)
4732 | 9.582 $.690 9. 604 48721 S.59%) 96851 9,400 5012 9.609 9.721 F.614
ATIA ] 9,579 9.699 | 9.533 | ] 4074 _9,%871 9.685)_ 9.592 50141 9.607] 9.710| 9.611
4136 9.579| 9.493 | %539 _f 4276 | 9.5% | 9.578] 9.596 5316 9.597] 9.703| 9.604
4738 9.578 ! 9.891 9.59% TR 9.584] 9.67T§ 9,595 snis 9,587 9,711 9.%99 |
4740 %578 9.6% F.587 | 4981 9.593 9,57 9.59% 5020 ?.588 9,701 9,592
4742 .575 9.6T4 9.587 4882 9,395 9,885 9. 59 5022 9.587 F. 691 9.58)
AThb 9573 9.676 9.515 4884 9599 ] 9.483 | 9.5%95 5024 9.588 9.682 9. 380
AThE | 9577 ] 9.695 9,372 4886 | 9. 810 9.493 ] 9.594 L] ) F.581 ?.666 9.517 \
LYY ] %.583 9.60% | 4,573 49357 9,632 9.5%9] 9,59 508 9.582 671 9.575
4750 9.587[ 9.4M 9.371 449) 9.46)2 9, 70% 9.599 5239 9.581 3 .672 9.57¢
4752 7.581 7004 9.57) 4892 9.596| 9.703 9.598 5032 9.582 9.67T9] 9.578
47136 | 9.%81] 9.680 9.572 4394 9.5 . 3 J17 | 9.%537] .| %034 9.590 F.684% 9.503
AT58 | %.593 9.675 9.574 4996 535 9.71% 9. %96 5036 9.589] 9.692 9.548%
G753 9.572 ] 9.674 %571 4399 .39 ]. 9.715 9.59) 53138 9.588 9.691 4. 207
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Table A25 Three Track Elevation Profiles

(Stations and elevations are in feet)

1 (Sheet 3 of 6)
i . —— -
3 ; Klevation L -Bavation Elevetion
tiug atio Station
s Laft Center Right Left Center [ Right Left Center | Right
4 Sned | 9.58t | 9.639 | 9.587 ) [simn] 9,506 9,735} .60 $320] 9.657] 9.805| 9.69%
3 5042 | 9.589 ) 7.686 ) %382 | [S1&2] _9.537T1 9.743 ) %.633 5322 9.6%50] 9.810) 9.692
[ 5966 1 S.57L 1 9.682 | 9.578 SI84] 9.597| 9.745] 9.838 8324 ] 9.567] 9.803 1 9.693
stas | 9588 %.6% | 9.51) S106) 9.632) 9.755] 9.84) 5326 9.668] 9.799]| 9.692
S048 | 9.572 ] 9.680 [ 9.57) 5188] 9.599) 9.758 1 9,640 5328 | 9.876] 9.797] 9.889
1 5050 | 9.571 1 9.683 | 9.583 5192] 9.591] 9.750] 9.637 5330 9.678] 9.803] 9.6%
F 5052 ] 9.575; 9,606 | 9,369 5192] 9.595}..5.7571] 9.0641 5332 | 9.677F 9.808] 9.69%
i 5054 | 9,570 F 9.8 | 9575 | 1 5196] 9.600). 9.7%6] 1650 3334 | 9,680 9. 812] 9.897
556 ] 9.500 | 9.855 ] 9.588 51961 9,597} 9.7153 | 9.%%2 53361 9.688] 9.811f 9.702
So%8 | 9.589 | 9.699 | 9.531 5195]. 9.598) %.745 ] 9.839 S338) 9,689 9.823| %.702
060 { 9.568[ 9.702.] 9.593 $202] 9.595] 9.741 ] 9.533 53435 9.683| 9.812] 9.704
5082 | 9.582 | 9.898 | 9.%91 52021 S.991] 9% T4T| 9.635F 1 5342| 9.680] 9.811| 9.703
E 064 1 9.517 ] 9.68 | 9.593 SZ04 | 94031, 9,758 | 9,408 S3441 9.675| 9.807| 9. 705
. 5066 1 9.558 | 9.879 | 9.579 92061 9, 610) %Ts2) 9.4835] | 5346 9.872] 9.813| 9.699
5068 | 9.569 ] 9.663 | 7.55% S298 . 9.623] 9.767] 9.5%9 $348] 9.680; 9.816| 9.701
SaT0 | 9.5715 ]| 9.662 | 9.557 5219 %.633] 9.779] 9.602 5353 9.694) 9.818]| 9,704
3 5072 | 9.57¢ | 9.865 | 9.55) 52121 9.623] 9.772] 9.461 5352 9.699] %81C¢| 9.704
A S04 | 9.568 | 9.666] 9.982 32141 %.024) 9,783 ] 9,459 53541 9.705% 9.813| 9.7
[ SOT6 | 9.5T1 ) 9.672 | 3.557 52161 9.623] 9.768] 9.660 386 9,710F 9.811| 9.708
S878 ] 9.569 ] 9.675 | 9.55% S2I8]1 9619 9,113 | 9,557 51858 9.714] 9.817| 9.707
; S0 | 9,558 ] 9.679 | 9.%546 s22] s.620| 9.772] S 6% 83670 9,707] 9.809] 9.599%
L SABZ T 9.%65 | F.690 | 9.553 85222] 9.6221 _5.76%| 9.6%59 5362 9.699] 9.813]| 9.700
i snBe | 9,559 9.697 ) 9.510 32241 9.0627] 9.7611 9.648 5384 | 9.697] 9.804| 9.700
3 5086 | 9.%66] 9.6 | 9.555 5226] 9.628) 9.T66 | 9.6%2 $366| 9.697] 9.808]| 9.7CL
3088 | 9.555 | 9.666 | 9,557 5228 9.626| 9.7357| 9,658 5358 9.702{  9.802| 9.Tu8
5090 [ 2.553 | 9.664 | 9.358 52311 9.63) r__o._‘_r_sq 9,657 s3to| 9.m08] 9,797 9.706
] 5092 | 9.%5 | 9.663 | 9,957 5232] 9.6% ] 9.772] 9,681 53721 9.7T13] 9,799 9,708
e 5094 | 9,545 | 9,678 | 9,543 5234 %.643] 9.TIT| 9.061f . f 3374 9.719] 9.811| 9.708
I 5396 ) 9.564 ) S.672 | 9.588 8236] 9.637) 9.788 ] 9.862 S3761 9.731{ 9.822} 9.711
she9 | 9.552 | 9.675 | 9.55% s238| 9.625). %.7T7| 9,859) [ S3vA] 9.737] 9.835| 9.715
5100} 9.565 | 9.69% | 9.574 | | 3243] 9.027)_ 9.778| 9.552 5380 9.744] 9.832| 9.721
s1n2 | 9,558 .12 | 9.57% 5262] 9.622] 9.775] S.b68 s382| 9.746] 9.833| 9,722
sica f 9.%565 9.7 | 9.517 5244 9.638] 9.779| 9.0675 s3ga| 9.751| 9.835| 9.732
: 5198 | o571 | 9.1 | 9.581 5266) % 643] 9.780] 9.084 $386| 9.760) 9.837) .13
: . S108 §-9.589 | 9.712 ] 9.571% 524851 9.641| 9.719] 9.689 s308). 9. T64f 9.852( 9.729
] s110 ] 9.584] S5.899 | 9.582 5250 9.645) 9% TEO| 9.49% $390] 9,768 9.850| 9.733
: 8112 ] 9,571 ] 9.697 ]| 9.%517 52521 9.453) 9.771] 9,697 5392] 9.769] 9.8%5| 9.73s
- SI1C | 9.%68| 9.469 | 9.%83 3254 ] 9.655] %7831 9.702{ ! %39%] 9.773] 9.865| 9.736
3 SLIte ] 9.554 | 9.8%8 | 9.577 5255 | 9,658] 9.783] 9. 703) .| S3ve] 9.780] 9.862| 9.731
S118] 9.561{ *.859 | 9575 5258 9.637] 9.792] 9,723 . 5398] 9.78L] 9.865] 9.73%
L 3123 | 9.552] 9.676 | 9.5%%7 5260} _%5.662]. 9.793] 9.714] | S40n] 9.77T] 9.8T71| 9.737
3 F 51221 9.542] 9.675 | 9.5%% 8262] 9,653 9.78T] 9.7)9 54321 9.TTTE . 9.880] 9.737
| 126 1 9.544 ] 9.676 | 9.512 5264] 9%.683| 92.7821 9.708 5404 9.TIT] 9.870 9.743
: s12e ] 9.%39] .67 9,51 52561 9.666) 9.704[ 9,705] | s408] 9.783]  9.882| 9.7e2
i 5128 9.537] 9.672 | 9.%7 $260) 9.6601 9.786] 9.592 S408) 9.78%] 9.858] 9.745
. 513C | 9.536 ] 9.657 | 9.55% 5273 | . 9.850) w.7BT] 9.873 5410f 9.782] 9,.868| 9,787
A ' $3132 ] 9.54T7] 9.64T | 9.57 sz72] S.657) 9.785] s.683] | %er2) 9.785] 9.883| 9.Te0 .
E L S134 | 9.549 | 9.657 | 9,555 5274 9.0350 9,782] 9.881  S4lal T8 9%.866| 9.78) f
E '$136 ] 9.539] 9.861 ] 9961 3276 ] . 9.459) 9.789] S5.57% S416] 9.783] 9,871 9.763
;. s138] 9,935 ] 9,652 | 9.553 52781 9%.681] . 9.780 ) 9,667 5418] 9,777} 9%873| 9.782
A S14~ | 9.542] 9.6% | 5,549 $283 ) 9033 9.TTR| S.862 5620 9.775{ 9.877| %760
3 S142 | 9.545 ] 9.651 | 3.9%7 5202 9.629]. %.768] 9.662 84221 9.780| 9.683| 9,768
S144 0 9.568] %666 | 9.55% 5206 9.628] 9,757 | 9,587 S624] 9.787] 9.880f 97T
E s1as | 9.552] 9.618 | 9.573 | 5286 | _9.621)_ .J75] 9. 643 54261 9,783 9.872| 9.775
S148] 9.555| %.6m2 | 9.57% 52581 9.535) 9.7I5| 9.557 sa2sl 9.785] 9.889| 9777
5153 ] 9.552 ) 9.675 ) 9.573 52071 9.4839] 4,713] 9.667] 1 Se30| 9.787] 9.862| 9.784
51521 9.585] S5.668 9.3M 5292 9.543) 9.775| 9.666 s432] 9.790F 9.857| 9.788
3 - 5154 ] 9.565] 9.4 | 9.51) 5294] 9.655] % 100]. 9,886 sa34] 9.797] 9.8715| 9.793
5156 ] w.sTE] 9.690 | 5.535( | 5296 %.004] 9.793] 9.8%° S436| 9.796] 9 88T| 9.793
5158} 9,590) 9.705| ¢9.590 298| 9.6%2| 9.801] 9.567 s638| 9.79%5| 9.883] 9.792
sien| 9.579{ 9.715.] 9.801 $33) ) 9.857| 9.801] 9.67 5440| 9.787) 9.882] 9787
L 5162 9.58%] S.T1a | 9.67 | | 5302] S.053| 9.805 | 9.557 5442| 9.788] 9,887 9,785
st ] 9.5991 .73 ] 9,607 S3041 9,681 9.8081 9,689 S445] w7817 9.877] S.703
164 9.598] 9.719| 9.513 sace] 9.857] 9.874] 9.60% Sess] 9.7TT 9.870] 9.TT4
S158 ] 9.632] .73 9.617 5308] 9.697] 9,803% 7.691 3648} 9.785] 9.868] 9.773
- SLTO ) 9.638 ] 9.735] 9.51% S3LY] 9.659) 2.8QL§ 9.bat S430] 9.T9Lf 9% 865) 9. 767
s172f 9.599] s.tw | 9.623 5312] 9.6%2] 9.808%1 5,699 S5 1 9.7%4] 9.8857 9.T44
[ S17T6 | 9.592 ] 9.7 | 9.527 831y ] 9.693] 9.808} 9,701 Sesaf 9.770] 9.855] 9.763
517868 9.%592] 9.73z| 9.a33 8316 9.655] _9.507}! 9.7)0 85656] ~.7T1] 7.886] 9.T74AT
S1791 9.39%] 9.7 ] 9.334 s3ta] 9.860| 9.805f 9,702 5458] 9.172] 9.950) 9.767
Y. .. .. . =B = P _J
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Table A25 Three Track Elevation Profiles
(Stations and elevations are in feet)
(Sheet 4 of 6)
Elsvation R I . Bavation Elevation
tion tati: s =

Left Center . Left .Center . Laft Center Right
4563 2,773 2.0 56)) 9,838 9,917} 9.,984] 13,058 9.944%
8462 | 9.768 | 9.841 186321 5,037} 9,926} 9.987] 10,0527 9.943
sest | 9.769 ] 9.9 56041 9,231 9,921 9.984] 10.056] 9.94s
sas6 | 9.767] 9.088 8536 . 9.831 | 9.93L 9.962{ 13.049] 9. 946
sas8 | 9.769 ] 9.8%2 1 secs] 9 836] 9937) 9.970{ 12,056 | 9.9%9
34T 9.785% 9. 856 $513 1 9,820 ) 9.93%6 9.972] 10.064 9. 964
5472 | 9.797] 9v.893 sel2] 9.827]. %92¢ 9,972] 13.009] 9,974
474 | 9.001 | ¢.897 5514 9.824| w.939}_ _9.967] L0.088] 9,977
5476 | 9.3 | 9.9% 56161 9,88 [ 9945 ) _ 9.966[ 13.092] 9,981
5473 9.80% 9.0%% 58105 _9.129 9.953} . 9.974] 12,091 9.983
480 LY ) ) 2,91% 5623] 9.737§ 9,952 | 9.982] 13.0998 9.985%
s¢nz2 | 9.811] 9.9 35221 s.na1] 9,958 9.980] 10.100] 9.982
S484 | 9.812] 9.927 56251 9.845 1 9,953 2.976] 13.097¢ 9.90%
5426 2.019 2.929 6261 9,840 1 9,961 9,975 10,098 9,983
5488 9.8118 9.922 5628 | _9.04% 2,973 | 2.979] 10.100 9. 978
$49) 9,.81% .927 563n] 9.,843) 9.972 9.978] 10.007 2.975
se92 | 9,007 | 9,9m 5532 | 9.849] 2970 ] 9,967} 10.09| 9,975
5494 9.077 9.920 5634 ) _S.850 %977 | . 9,973} 13,087 9.975%
4% 9.793 92.91¢ 553% ]| 9.8059 9.979 2.970| 10,092 2974
5498 2,792 9.918 36381, 9. 8607 99861 9.967F 13,097 9,975
55n) 9, 79% F.97% 568) 1 9,864 9,993 ] . 9.943] 10,0935 2.976
502 9. 797 9.903 56421 _9.867T | 9,999 9.963§ 1).089 9.979
ssea | 9,007 ] 9,995 so4s ] 9,062 10.006 | 9,957] 10.084 | 9976
55ré6 g 9.797 2.904 5640 ] 9,857 ,ID.?)O,Iﬂ 9.943] 11.377 9.977
L1 ] 9.799 2.97% 55481 9.862] 10.91]) 9.934% 10.0467 2.97%
551c § 9,799 9.9Ce 5650 ] _9.072} 19.217 ] 9.9 9.930| 12.067[ 9,983
ssa2 | e.802 | 9,992 S852] " a.a83 ) w921 ] 9.927] 10,064 [ 9,902
5514 9.68n1 9. 904 5654 | _9.097 | 10,323 9.,914) 13.062 9.980
u$16 § 9.001 | 9.903 $658 1 _9,097] 10,051 9.915] 10.066] 2.978
ssys | 9,803 9.9:2 5558 | 9,923 113,940 | 9.912] 10,076} 9.97s
5522 | 9.023] 9.97% S681) . 9,907 10,029 2.910] 13,07 | 9.975
5522 ]| 9.2z ] 9.8%2 s552.] 9,910 V13,220 9.923) 10.073] 9.984
5524 9.8%1 ¢ 9.9 5664 ] 9.90] 1w "% .9.9251 13.391 2.987
$526 1 9.8%6 ) 9.9% 5556 | 9.914 ] 18,339 29271 10.008 | 9.994
5522 9.2 9.039 5648 2.911 ] 10.032 9,933 1}).105 ] 10,97
ss30 | 9.797 | 9.3 5573 | 9.919] 19.3%) 9.9421 10,131 | 10.902
532 9,797 9,904 5672 2.9156 | 10.920 9.9471 10.125 9.994
$538 | 9.799 ] 9.913 5316 ] _9.934 ] 30228 9.963] 10.123] 9.991
5938 .84 9.9C9 5676] %926] 10,037 9,965] 1).108 9,904
. 5532 9,898 %.929 5578 | 9.929 ] 13.344 92.973§ 10.112 9.987
5549 9.017 9.933 ] 56001 9,926 10,749 9.970 1 1).134 9.985
5552 | e.mas i 9.937 | 5582 1 5,925 [ 13,357 9.9751 10,101 | 9.988
544 9,023 9.9 5604 9% 934 (.16, 042 9.973] 13.395% 92.908%
ssas | 9.023 | 9.927 ss8s | 9,233 ] 130382 9.967| 10,09 | 9,987
5548 9.028 2.9 5688 9,930] 16,0%2 9.963] 13,095 9,998
ssso | e.m2s | e.927 5591 ). 9.923 ] 194294 ] 9.961 | 10,105 | 10,004
5552 9.820 9.3 $692 1 9.936 | 10,055 963 12.,137] 13.311
sssa | 9.822] 9.9 56941 9,967 104053 9,960 10,118 | 10,015
sssa b 9.021] 9.922 5596 | 9,944 | 10,743 2.959] 19,121 ] 10.014
5558 9,822 92.9%0 §698 3.9 _ID._OZ.1 9.963 ) 12.115 ] 10.2313
ssen | 9.029 ] s,9m s193 ] w9391 10,0328 9.960] 13.111] 10,017
5552 2.033 2.947 STO2].9.914 . 10,029 | 9967 13,805 ] 10,315
5544 9. 047 92.936 57341 _9.917 ] 13924} . 9.983| 1n. 08| 10.009
5558 9.89) 047 51061 9,913 1.10.030.1. 9.957)] 10,115 | 10.904
ss68 | 9,0091 9.947 s16 {9,923 [12.336. ) %.93¢ 1. %964 10,112 10,005
5573 | 9849 9.98 STI0]{_9.922] 18,080} 9 . 9.977) 10,303 | 9.99
ssrz | 9.m36 | 9.948 s712] 9,331 | 10,084 ] 9.9s7] 9.985] 10.115 ) 9.995
5574 9,641 9.963 ST14 | 9,929 | 10.044 ¢ 9990 | 10.111 9.993
$576] 98417 9.982 sT)s | 9.23¢ | L).292 9.991 | 10.105] 9.992
578 9,042 9.9¢3 5710 9,933 ].10,055% 9.388 | 13,195 T.594%
5580 9.845 2.9463 5723 ] 9.934] 10.%5%% 9.,907] 16.100] 10.003
s582 | 9.840} 9,970 s722. | 9%.91%]10.248 9,988 ] 11,095 | 10,103
ssas § 9.m9 | 9,993 s72¢ | +.930 110,950 9.903] 10.091| 9.998
ssae | 9.nel | 9,95 sT26. | 9.940 | 10,054 9.971] 10,008 9.992
ssan | 9.743] 9.9 3728 | 9.98%5 | 10,049 . 9,962] 10.002 | 9.988
590 9 13% 2. 943 5T3).] 2.9+41 ] 10.3%% 2,937 10.081 9. 985
5592 2.036 9.9 5732199501 18,053 9.9521 10,088 9.979
5594 9, 434 9.9 5T3%.] 9,952 1 12,243 9.950] 13,073 .97
5% 9.81) %.911 3736 9.9350.} 10.041 9.743] 12,064 3373
2593 S.03) 9.916 5735 ] 9.758.1 13,349 F.947] 10.061 . 965
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Table

A25

Three Track Elevation Profiles

(Stations and elevations are in feet)
(Sheet 5 of 6)

L‘ Ravation L. I Klavatiocn l;. Elevation
tion t LG
left Certer Right Left Center Right Left Center Right
S88N | 9,945 {1).05% | 9.957 201 .92 10,002 Y.979 6160 ] 9,937 10.C79} 10,011
SAB2 1 9,943 | 12,041 § 9.95% 0221 9195 510.n83 | 9,975 6152 ] 9.957f 1).086 | 13,0102
S884 | 9,947 113,029 1 9.347 #3126 | 9,955 | 10,086 | 9.972 alés| 9.938] 10,078 10.01%
5886 | 9.943 | 1D.N26 | F.946 026 | 9.993 {10.783 4 9.375 6166 ] 9.940] 10.996 1 12.M14
SOAE | 9,945 | 17,028 | 9,952 #2281 9,957 | 10.076 | 9.971 6168] 9.940] 1).095] 1C.01%
5890 | 9.952 ]1).021 | 9.957 53531 9.900 | 1C.385} 9.97s 6173] 9.958) L0.096} LC.CO9
$892 | 9.957 |17.038 | 9,957 62321 9.963 ] 10.998 | 9,972 61721 9.94)] 10.076 | 9.999
5894 | 9.961 19,053 | 9,981 57341 9.969 510,992 | 9.9%9 t174] 9.945] 10.088[ 10,0C6
5996 | 9.953 17165 | 9.994 561 5,973 ] 10,796 ] 9.964 G176 9.942| 13,083 12,5058
$898 | 9,971 | 13.n71 [10,000 $735 ] 9973 12,293 § 9.960 6178 9.939] IN.CT9| lu.C02
sq0c 9.97T3 | 12075 | 10734 640} 9,973} 10.089 2. %59 6289 9.9421 13,070 | 10.002
%902 9.983 113,072 112,038 83421 9.978 ] 132.%89 9.95% 5182 9,938 1% 062 9.999
59 4 § 10,002 (20,381 10,009 [ 00 9976 | 10,2087 9. 955 6184 9.542] 12.059 F.995
5906 [13.008 L 1).08% [1].337 8)48] 9.975] 10.08R ] 9,955 6186] 9.955] 10.083 ] 9,995
5908 {10,017 1 13.192 Fin. 03 S048| 9 97X 1 13.08% | 9.7251 SL88 1 9.945] 13,0577 9.986
$31) [ 1).032 | 1).112 | 9.997 $39) ] 9972 10.784 | 9. 946 61901 9.,943] 10,069 9,985
$912 | 10.P27 [ 12114 £10.0%2 $3521 9953 J 10,73 | 9.348 4192 9.934| 12.n62| 9.973
5916 [17.139 1 10.117 J10,234 60% ) 9.931 ) 10.0082 | 9.94%6 61941 9.935| 19.0%9] 9,962
5916 10,038 117116 (13,038 8355 | 9.9%52 | 12.08% 1 9.951 61961 9.93C| 10,048} 9,945
5978 | 10,040 § 17,115 10,010 $E58] 9,.9%8 | 1N.N93 | 9,.94¢ 6198 ] 9.929] 1).059 ] 9.956
5920 [13.h41 {17,115 [13.7)8 863 | 9.93)§ 10,292 [ 9.954 6203} 9.927| 10.043] 9.95
$922 | 1,038 | 13,109 | 1n, 001 6062 ] C.95C [ 10,992 1 9,352 6202 | 9.929) 1),0817 9.9%%
5924 110,050 F13.123 (13,902 8266 | 9.979] 10.791{ 9.942 6204 ] 9.922| 10.075{ 9.949
5926 | 10,013 } 19,113 3. 998 [ 1133 9.970 | 10,393 9.943 62086 F.914] 12.0T71 .94
5925 | 9.934 117,109 §10.00" 068 | 9.970) LD.TB2 ] 9.962 6208] 9.912] 10.061 9.965
$950 | 9,983 F10.,111 [12.904 8773 | 9.975§ 10.976 | 9.95% 6210 9.900] 10,071 ] 9,949
5952 | 9.%37 {12,110 $10.0% T2 9976 | LOLOBS | 9,962 6212 9.897) 10.060 1 9.953
5914 2,957 ] 10,098 110,773 SITA | 9.97TT ] 1I.086 2.968 6214 9.894] 127.058 9. 369
5936 | 9.987 [ 10,13 | 9,937 $0T6] 9.,9%3] 10.085 ] 9,97 6216 | 9.887] 1).262 ]| 9.949
5938 1 9.9%3 J11.098 | 9.33) TS| 9.955 ] 13.%988 | 9.98] 6218 9.889] 10,061 9.944
S94N 9.982 | 1J.t 93 9. 9%1 082 92.930 | 10.123 2.98) 6220 9.887] 17.083 F.941
5942 | 9.983 [ 1),091 | 9.3%% 8021 9.993] 10,108 ] 9.986 62221 9.885] 10.068| 9,905
5944 9.983 ] 10.039 9. %82 [ 1.2 2,937 ] 10,798 T.78% 6224 F.880| 10.061 9,929
5945 [ 9,976 | L).098 | 5.97% 861 $.99% )] 10.089 | 9,996 6226 9.8T7) LD.055 ] 9.92%
S48 | 9.982 | 13.092 | 9.9%0 S0 1 9,990} 17,392 | -998 6228 | 9.A73) 10,065 %916
5953 | 9.993 | 13.091 | 9,984 $a% ] 9,993 10,085 | 9,99 623) | 9.867| 10,061 | 9.%i4
5952 | 10,073 117,095 | 9.987 $392 ] 9977 10,19 1 9.99%6 6232| 9.860) 13.05% ] 9.912
5954 112,378 J13.171 } 9,992 N9 ] %9761 10.1M89 ] 9,991 6236 | 9.853| 17043 | 9.91%
5956 | 10,079 | 13125 | 9.937 $I95 | 9,964} 12,992 ] 9.982 6256 | 9.0850| 10,044 9.922
5958 [ 13910 { 17.123 | 17.010 SL98 %.9551 10.083 ?.910) 6238 F.845| 1J7.061 F.921
5967 1 10,033 110,135 {197,717 810 | 9.953 | 1).385 ] 9.986 6240 [ 9.8411 13.031| 9919
5962 | 13.05C 1 17.138 | l0.7102 12 9956 ) 10.978 2.988 6242 F.84641 13,021 %.918
5964 | 9,995 113,128 § 7.937 8104 ] 9.941 | 10.081 | 9.988 a264| 9.856] 1J.015) 9.909
5966 9.994 ] 17.115 2. 958 LG .957 | 10.379 %.988 6246 9.858] 13,008 %.902
5965 F.958 | 1J.193 F.954 129 9.955) 10.076 2. 987 6248 .85 9997 9.899
5970 | 9.987 (10,190 | 9,977 8117 | 9.9%2 | 10.974 |’ 9.958 6250 ] 9.844] 10,009] 9,098
SIT2 | 9.957 [ 10,096 | 9.374 8112 | %.946] 10,0727 9,985 6252] 9.840] 10.018] 9,89
9714 G T84 | 13097 9. 95 slls 9.9 | 10.0i7 F.952 6254 9.836] 13.015% 9, 899
5978 9.957 | 1).099 9.9%9 4116 .93 | 10.075 9. 975 62%s $.853| 10.022 9.903
5970 | 9.991 | L0095 | 9.95¢ $119] 9.951} 12,371 ] 9.977 6258F 9.82T7] 1lu.013| 9,899
5980 | 9,993 ] 10,098 ] 9,957 S$120| 9.9%1 ] 10,079 | 9.975 6253] 9.823] 13.701} 9.891
3982 | 9.972 [ 13,095 | 9,95) $l22) 9.938 | 10,063 | 9.96) 6262 | 9.821] LN.00&| 9,584
5984 F.997 | 10.090 % 947 124 98] 1097 | 9.969 6264 9.821 2.982 9,883
5988 9.975 | 17092 F.95% 8125 92.93%| 10.N7% ]  9.968 &266 9. 826 .95, 9.879
59881 9,987 | 10,396 | 9,957 S128] %90} 10.373 ] 9.772 62681 9.828] 9.958| 9.081
992 9.954 | 17.093 9.96) (1L 9.938] 10,077 2.977 62719 %.830 . 963 9.082
59921 9.902 ] 13.983 | 9,957 $132 1 9.9357 13.37a] 9.976 6212 9.8 | 9.964; 9. 881
8996 | 9,975 | 12.028 | 9.966 8126 9. 937] 10.75% | 9.9 6276 [ 9,831 9.972] 9,879
5996 9.976 ] 13,048 9.95% (3% 11 9.343 | 13077 .99 6276 F.832]. 9.978 9. 8%
5398 9.975 ] 10.086 . 965 8138 .90} 1N OTH .967 a27e 9.5%) Q.984% 9.885
G0P0 1 9.9TT | 13,075 | 94954 $14) | 9,936 | 10,361 %970 62891 9.827] 9,984 9,885
SIC2 T .90} 12.0T1 S, 959 #1421 9.935] 10,971 | 9.971 62827 9.823| 9.9T7&] 9.89)
0N4 9,953 1 13,077 2.9%5 lA4] 9.93T7] 10.N64 9. 972 65284 9.824 F.972 . 891
6006 9.945 ] 13,073 9.965 blad 9.933 | 10.067 L) a286 9,824 .947 . 8%
6308 3.95) | 1.0 G968 B146%] 9,936 | 10.N64 %981 b268 9.823 9.958 9.882
en1n -956 | 13.068 9.977 #15) 92.932 | 11,174 9.987 6290 9.82) 9.94% 9. 879
o012 9.2 | 13077 %.941 8152 G930} 10.G49 9.998 &2y2 F.815 9.957 9.8T2
6014 .93 ] 13.0T9 .34 8156 F93) | 17084 ] 10,304 62%% 9, 8né % 952 9. 863
&nle F.967 ] 13003 9, 947 8155 9.932 1 1IN, 382 132325 6234 9,837 9,948 9.855
6018 9,95 1 1).0T0 7.35% 4155 2.93% ) 13.0T1 ] 10,00k L1533 9.819 9. 941 %, 851
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Table A25

Three Track Elevation Profiles

(Stations and elevations are in feet)
(Sheet 6 of 6)

L Elevation - - Kevation Kevwation
tion rat tion
Left Center | Right < - - lafs -} Owmber ] Hght { |- Laf Canter | Right

633 | 9.818 ] 9.937 | 9.052f (6392] %,.7541 S.eeel Q179 4041 RAFL] BTEIE 9637
6302 s.017] 9.935 ] 9,053 | {e3ea] 9,743} e.8% | 9,119 ARG ] _9.431) 9.T53 ] 9.657
6374 | 9,822 ] 9.937 | 9.849 63960 9.727] 9.893 ) %7172 L GARD] Tab4B ] W.TEL 1 9.549%
66 | 9815 | 9.%3 | 9.9%5 8398 | 9,723 | 9.888 ) 9,783 | 6893 1 9.6431 TFuTIT! %y 645
sme | 9.811 | s.928 | 9.8%2 eN0f 9, 7T19] %850 | 9781 | 6492 1 9,041 ] P.T3% 0 9.539)
6319 | 9.8%9 ]| 9.931 | 9.9%51 6432 | 9.716 ] 9.049 | 9.780 Avh] 9,606 %.TID | 9.437)
8312 [ 9.807) 5.936 ] 9.847 6404 | 9.721] 9.8%5 |_ 9,719 | G490 | T.836 ] .72 ) 904D
4314 | 9.836 [ 9,937 ] 9,545 6406 | 9.727] 9.5 | 9.TAD S598 | 9403 TuTAN | F.043
8316 | 9,803 ] S5.93% § 9,043 AN | 9. T34 1 9,046 | 9.73% B39 | _9.8AT ] %.TA4 | 9.831,
6318 | 9,796 9.943 | 9,841 6ALD § 9.744 1 9,849 | %7687 | 6300 | .44l 1 % THM

6320 | %.79¢ | 9.94 | 9.83% 6412 ] 9.759] 9.853 | 9.738 5594 | S.4042) 9.T3E]| 9
6322 | 9.199 ] 9,949 | 9,022 e41a | 9.753] 9.955 ) 9.77s. .un_L FubML] BaTI0 | FuiAZ
6324 | 9,784 | 9.947 | 9,829 818 [9.15T [ 9.856 ) 9,778 8508 | w.bsl| w.TIO]| 9v.sal
6326 | 9.781 | 9,948 | 9,830 8418 9,759] 9.0.8 | 9.77% a5:0]_s.e80| w.TAT| 9,539
6320 | 9.783 ; 9.949 | 9.932 6423 1 9.7581 9.882 | 9.717 512 9a030] 9.TI9] 9,837
6330 | 9.782| 9,941 |_ 9. 833 4221 9.755] 9.859 | 9.71) | pS0%] 9.839) 9,035 )

6332 | 9.78y | 9.944 ] 9,832 ] |ea2s] 9.752]| 9.081 ] 9.Te% | 63061 W b)) 9.T35 ] 7.537
6334 | 9.786| 9.938 ] 9.834 64261 9.756 | 9.082 | 3.753 BE10L WehdS ] 9,T3E 1 §.533
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8356 | 9.77T9] 9.924 | 9.812 04801 S.TIT|. 022 ] _9.107 L5831 w990 9.49% ) 9.9%
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6360 { 9,786 S5.927 | 9,004 | | 64524 9,720 % 9.927] 9.713 [F11 1] 9.8°8) 9,392
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6330 | *.79) ] 9.908 ] 9.788 ] | 64723 9.8931 WO1LY 9.683) A3h4 ) %S9 . 1 9057
0382 9.778 ] 9.97 | 9.784, 68741 9,682 1 799 ] 9.592) S3eb1 900 T.6911 9.303
8304 | 9.776 ] <.901 | 9.709 5870] _S.eg0l 9.706] 9.601 [ #3401 2,390 9,896 309
8388 | 9.7T4 ] 9.088 | 9.784 SAT00 2T 9,777 9.6801 5100 %971 %.M2] 9.3
388 ] 9,773 w.em | 0779 54001 %, 0401 %7481 9,473 ] SATE I 3V ] FuTRL | %972
$39% 1 .72 1 .07V} .17 §%32 a |_9.750 | C BT
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APPENDIX B

DIGITAL COMPUTER FROGRAM FCR
SIMPLIFIED ANTISKID ANALYSIS PROCEDURE

The user's instructions for CDC 6500 procedure A6A which is
a program for solving the equations for the simplified
antiskid analysis procedure as described in Section III

are as follows:

INPUT DATA

Input card data shall be tabulated on Data Sheets according
to the following format for all cards:

1-66 67-72 | 73 |74-75 | 76-79

Problen Dataj Job npn PN CS

PN-- problem aumber, CS--card sequence number
(numbered sequentially from 0001).

The problem data is defined by the fcllowing formats.
Unless otherwise indicated, data should be entered as
floating point.

Card 1

Card Columns

1-30 37-45 47

ID JOB M
Columns Variable Description
1-30 1D -- Alphanumeric ldentification
37-45 JOB -- Problem Name (alphanumeric)
47 M = 1 printed output only

= Z microfilm output only
= 3 printed and microfilm output
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Card 2
Card Columns
1-10 11-20 21-30 31-40
TSTEP l_?INTP TEND TRITE
Variable Description
TSTEP Time between steps
TINTP Internal print interval
TEND System run time
TRITE System print interval
Card 3
Card Columns
1-20 | 11-20 | 21-30 | 31-40 | 41-45
ACVRO { ACVSO | PCVB VMIN NR
Variable Description
ACVRO Control valve return full flow
coefficient
ACVSO Control valve supply full flow
coefficient
PCVB Control valve bias presswe
VMIN Flywheel velocity for terminating
problem
NR Number of Brake rotors
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Simplified Brake Control

System (Cards 4-11)

1
1-10 | 11-20 | 21-30 | 31-40 |} 41-50 | 51-60 | Cards.
ALPHA | ALPHB | ABP ABPS XGDD VFD 4
ACVL | CBPL CBPU CG CSCVR | DG 5
ET FNM GCV PBO PCP PFB 6
PR RBT RR RTD SCL SCVO i
SCVA | SCVR TCP UB1 UB2 UT1 8
' UT2 VF VRO —I WG WTO WIT 9

XCVC | XSCM XSCR XBO XGO XDGO 10
XFO XFDO 11

Variable Description

ALPHA Tire Friction Parameter (< )

ALPHB Brake Lining Friction Parameter (€xB)

ABP Piston area/brake

ABPS Piston area/control valve

XGDD Axle horizontal acceleration (%)

VFD Flywheel peripheral acceleration (N()

ACVL Control valve leakage flow coefficient

CBPL Brake P-V slope (disk not in contact)

CBPU Brake P-V slope (disc in contact)

CG Yore and aft spring rate at axle

CSCVR Control valve input coefficient

DG Fore and aft damping coefficient at axle.

ET Tire friction velocity correction coefficient

FNM Vertical force on tire from ground

GCV Control valve gain

PBO Brake n»ressure (at time zero)

PCP Pilots command brake pressure

PFB Brake piston friction hysterisis pressure

PR Hydraulic system reservoir pressure

RBT Lrake piston torque producing radius

RR Tire effective rolling radius

RID Axle height (above ground)

SCL Control valve overlap
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Variable Description

SCVo Control valve full open spool travel
_ SCVA Control valve maximum application travel
; SCVR Control valve maximum release travel
: TCP Time to reach maximum command pressure
UB1 Brake lining friction parameter
UB2 Brake lining friction parameter
UT1 Tire friction parameter
UT2 Tire friction parameter
VF Flywheel peripheral velocity
¢ VRO Tire - friction vs. velocity - parameter
WG Mass of: Wheel, Tire, Brake, & supporting
structure :
¢ WTO Angular velocity of Tire & Wheel (at time ?
: zero) 3
E WLT Moment of Inertia: Tire, Wheel, & Brake :
: rotor ?
XCVo Control valve spool position (at time zero) '
: XScM Value of Xg¢ for maximum regulation ' 1
| XSCR Value of Xgc for zero regulation’ 3
XBO Brake piston position (at time zero) '
- Y.GO Axle horizontal position (at time zero)
(Xgo)
XDGO Axle horizontal velocity (at time zero)
(Xco)
: XFO Flywhecl peripheral distance (at time 3
4 zero) (Xro) 3
3 XFDO Flywheel peripheral velocity (at time :
i zero) (XFo) ;
3 1) Xgc is the control valve pressure regulation parameter.
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Wheel Speed Sensor System

Card 12 (follows the Simplified Brake Control Systems cards)

K 2 Card

; 10PT 12

: Variable Description

i 10PT=1 the control circuit input signal is

proportional to the mass displacement

10PT=2 the control circuit input voltage is
considered proportional to the wheel's
angular velocity.

E The wheel speed sensor system has two approaches as mentioned
3 above, The problem data varies for each approach taken.

1 I0PT=1

‘ Card Columns
: 1-10 | 11-20} 21-30 [ 31-40| 41-50 | 51-60 | Card

CCGV | CWG CWS DWS GWS WWS 13

ESN | XWS XWS EG 14

Variable Description

CCGV Output voltage coefficient (volt/in)
CWG Hypothetical linear force motor coefficient
(1bi/volt)
CWs Spring rate (hypothethical spring) (lbf/in)
DWS Damping coefficient (hypothetical damper) 3
(1b£/in) i
T GWS Hypothetical tachometer voltage-speed ;
4 coefficient (volt sec/rad)
WWS Mass (hypothetical mass) (lbf seczlin)
ESN Input signal "noise" (volts) 3
Xws Hypothetical mass displacement at time=0 (in) 1
XWS Hypothetical mass velocity at time=0Q (in/sec) i
EG Anti-skid control circuit input signal (volts)
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I0PT=2

Card Columns

1-10 | 11-20 {21-30 Caré
GWOC ESN EG 13
Variable Description
GWOC
(volt sec/rad)
ESN Input signal "noise" (volts)
EG

D.C. tachometer voltage-speed coefficient

Anti-skid control circuit input signal

(volts)

Card Group A (fullows wheel)

2 Cerd
i Al
Variable Description
i=1 1 modulated (brake pressure) circuit
will be used to simulate the control
system.
I=2

an electrical on-off circuit will be
used to simulate the control system.
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Modulated Circuit

Card Columns

1-10 11-20 21-30 31-40 41-50 51-60 Car i
(0 C404 C405 C406 C407 C446 A2
C447 C448 C449 C450 C451 C452 A3
C456 C457 C458 C459 C460 C461 A4
C462 C526 C527 C528 C529 €530 A5
C531 C532 €533 C534 C535 C565 Ab
C566 C567 C568 C569 C570 C571 A7
C575 C576 C577 C578 C579 C580 A8
Cc581 C604 C605 C606 C607 C608 A9
C609 C610 C6ll C612 C613 Cél4 Al0O
C615 C616 C617 c618 C619 C620 All
C621 €622 C623 C800 C801 C802 Al2
C803 C804 €805 C806 C807 €808 Al3
C809 C810 C811 €812 VCl vC2 Al4
VC3 VC4 vCl ve2 ve3 VC4 Al5
EV Al6
Variable Description

cM VC2 voltage coefficient equ VR

Ca404 ACQ3 coeff equ N7, N5-3-4, N5-7-8, N5-11-12

(DIMLS)
C&05 Const equ N7, N5-3-4, N5-78, N5-11-12
(AMPS)

C406 AD5 coeff equ N4 (OHMS)

C407 Const equ N4 (VOLTIS)

C446 (EG-VCL) coeff equ Q2-3 (MHOS)

C447 (VC3+VC4) coeff equ Q2-3 (MHOS)

C448 Const equ Q2-3 (AMPS)

C449 (EG-VC1) coeff equ Q2-4 (MHOS)

C450 VC2 coeff equ Q2-4 (MHOS)

C451 (VC3+VC4) coeff equ Q2-4 (MHOS)

C452 Const equ Q2-4 (AMPS)

C456 (EG-VC1) coeff equ Q2~1 (MHOS)

C457 (VC3+VC4) coeff equ Q2-1 (MHOS)

C458 Const egu Q2-1 (AMPS)

C459 (EG-VCl) coeff equ Q2-2 (MHOS)

C460 (VC3+VC4) coeff equ QZ-2 (MHOS)

C461 VC2 ~~eff equ Q2-2 (MHOS)

C462 Const equ Q202 (AMPS)
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Variable

Description

€526
C527
€528
C529
€530
C531
C532
C533
C534
C535
C565
C566
C567
C568
C569
C570
C571
C575
C576
C577
C578
C579
C580
C581
C604
C605
C606
€607
C608
€609
C610
C6ll
C612
G613
C6l4
G615
C6l6
Co6l7
cols
C619
€620
C621
€622
(623
€800

(EG-VC1l) coeff equ Q2-7 (MHOS)

Const equ Q2-7 (AMPS)

VC2 coeff equ Q2-8 (MHu3)

(EG-VCl) coeff equ Q2-8 (MHOS)

Const equ Q2-8 (AMPS)

(EG-VC1) Coeff equ Q2-5 (MHOS)

Const Equ Q2-5 (AMPS)

VC2 coeff equ Q2-6 (MHOS)

(EG-VC1) coeff equ Q2-6 (MHOS)

Const equ Q2-6 (AMPS)

(EG-VC1) coeff equ Q2-9 (MHOS)

(VC2HVC4) coeff equ Q2-9 (MHOS)

Const equ Q2-9 (AMPS)

VG2 coeff equ Q2-10 (MHOS)

(EG-VC1l) coeff equ Q2-10 (MHOS)

(VC24VC4) coeff equ Q2-10 (MHOS)

Const equ Q2-10 (AMPS)

(EG-VC1) cozff equ Q2-11 (MHOS)

(VC24VC4) cuveff equ Q2-11 (MHOS)

Const equ Q2-11 (AMPS)

VC2 coeff equ Q2-12 (MHOS)

(EG-VC1) coeff equ Q2-12 (MHOS)

(VC24VC4) coeff equ Q2-12 (MHOS)

Const equ Q2-12 (AMPS)

Const equ QlC (AMPS)

VC2 coeff equ Q-1C (MHOS)

Q3 collector - Q2 emitter current ratio
AEQ2 comparison constant (AMPS)

Reciprocal of capacitance Cl (VOLT/AMP SEC)
Reciprocal of capacitance C2 (VOLT/AMP SEC)
Reciprocal of capacitance C3 (VOLT/AMP SEC)
Reciprocal of capacitance C4 (VOLT/AMP SEC)
AEQ2 coeff equ N10

VV-EGHVC1l coeff equ N10 (MHOS)
Emitter-base current ratio - Q4

Locked wheel arming speed (IN/SEC)

lLocked wheel signal detection speed (VOLTS)
Locked wheel signal current (AMPS)

VC2 coeff equ 14 (MHOS)

VC3 coeff equ N3 (MHOS)

(EG-VC1l) coeff equ R10 (MHOS)

Const equ R10 (AMPS)

(VC3-VC2) coeff equ V¢4 (MHOS)

Const equ VQ4 (AMPS)

Constant equ VB (VOLTS)
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Variable Description

€801 AEQ2 coeff equ VB (OHMS)
€802 Max. valve for AEQ2? equ Q2-d (AMPS)
€803 AEQ2 coeff equ N8-3, 4, 7 & 8 (DIMLS)
€804 (VC3+VC4) coeff equ Nf-1 to N8-8 (MHOS)
€805 Constant equ N8-3, 4, 7 & S (AMPS)
€806 AEQ2? coeff equ N8-1, 2, 5 & 6 (DIMLS)
c807 Constant equ N8-1, 2, 5 & 6 (AMPS)
€808 AEQ2? coeff equ N8-7, 8, 11 & 12 (DIMLS)
- €809 (VC2+VC4) coeff equ N8-5 to :8-12 (MHOS)
] €810 Constant equ N8-7, 8, 11 & 12 (AMPS)
' C8ll AEQ2 coeff equ N8-5, 6, 9 & 10 (DIMLS)
1 c812 Constant equ N8-5, 6, 9 & 10 (AMPS)
1 VCl Voltage across capacitor Cl at time=(Q (VOLTS)
1 vc2 Voltage across capacitor €2 at time=0 (VOLTS)
ve3 Voltage across capacitor C3 at time=0 (VOLTS)
VCa4 Voltage across capacitor C4 at time=0 (V(LIS)
V@l Capacitor Cl voltage change rate (volts/sec)
vC2 Capacitor C2 voltage change rate (volts/sec)
V§3 Capacitor €3 voltage change rate (volts/sec)
VG4 Capacitor C4 voltage change rate (volts/sec)
p EV Anti-skid valve voltage (VOLIS)

Electrical On-0ff Circuit

Card Columns
1-10 § 11-20) 21-30 | 31-40 | 41-50 1 51-60 | card

i Vs C700 | €701 | €702 |} C705 | C706 A2

I
F. €707 [ c708 | c709 | c710 |c711 {vel | A3 :
Vel | EV Al

Variable Description E

\'E Supply voltage (volts) ;

Cc700 Skid detection threshold current (amps) ;
€701 (EG-VC1) coeff equ V6 (MHOS)

€702 Const equ V6 (AMPS) ]

C705 Reciprocal of capacitance Cl (volt/ ;

amp sec)
C706 (EG-VC1l) coeff equ R1 (MHOS) 1
Cc707 Const equ R1 (AMPS) i
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Variable Description

Cc708 (EG-VC1) coeff equ V2 (MHOS)

Cc709 (EG-VC1) coeff equ V4-1 (MHOS)

€710 Const equ V4-1 (AMPS)

C711 ABQl coeff equ V4-1 (DIMLS)

vCl Voltage across capacitor Cl at time=0 (VOLTS)
VvCl Capacitor Cl voltage change rate (volts/sec)
EV Anti-skid valve voltage (VOLTS)

OUTPUT DATA

1f microfilm output data is expected, indicate "16mm print"
on job sheet and write "33-4020 PR'" under Setups. Only the
data outputted from the modules will be microfilmed. This
data is printed every "P" seconds (see Card 1) of the total
run "R" (see Card 1). The internal data print is an optional
print, after the outputted data print, which consists of data
inside a particular module, not outputted to other modules.

RESTRICTIONS AND ERRORS
A, Restrictions

No single time step should be greater than the run time
of the problem. Each time step should be greater than
zero. The internal print frequencies may be zero, but
the print frequency for external data should never be
zero.

B. Errors

I1f any of the following errors occur, a message giving
the error number will be printed out.

Error Explanation
100 Microfilm option not 1, 2, or 3
101 Run time is zero
102 External print frequency is zero
103 or 120 Brake time step is zero
104 or 131 Hydraulic time step is zero
105 or 125 Airplane time step is zero
106 or 130 Wheel and tire time step is zero
107 or 127 Wheel speed sensor time step is zero
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Error

1068, 133
or 126
109 or 128
110 or 160
111
112
113

114
115
116

117

The Simplified Antiskid Analysis Procedure Digital Computer

Explanation

Control system time step is zero

Control valve time step is zero

Pitch control time step is zero
Airplane runway option no. 1 or 2
Wheel speed sensor option not 1 or 2
Number of pnints for nose gear airload
curve less than one or greater than 20
Number of points for nose gear damping
curve less than one or greater than 20
Number of points for main gear airload
curve is less than 1 or greater than 20
Number of points for main gear damping
curve (ZSM 0) less than 1 or greater
than 20

Hydraulic option is not 1, 2, or 3

Program Listing, CDC 6600 Procedure A6A, follows.
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